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TEANSLATOB'S NOTICE 



The advances made in the study of the difficult sub- 
ject of Solutions in the last three or four years have 
been both rapid and astonishing. A new theory has been 
started, and has grown to maturity in a very short time. 
This theory professes to account not only for the main 
facts concerning solutions, but also for a host of other facts 
besides. 

The facts amassed about solutions are now so many, 
and the theory is now so fully developed, that a systematic 
arrangement of these facts, and an authoritative statement 
of the theory, are sure to be welcomed by all chemists. 
Such a setting forth of facts and theory is to be found only 
in one book, and that is Professor Ostwald's Lehrbuch der 
Allgemeinen Chemie, the second edition of which appeared 
in the end of last year. This book is certainly the text- 
book of general chemistry. 

It was with the greatest pleasure that I agreed to prepare 
a translation of those chapters of the Lehrbuch which deal 
with the subject of solutions. Professor Ostwald has kindly 
allowed use to be made of chapters and portions of chapters 
in other parts of the Lehrbuch, so as to insure that the 
whole subject shall be set fairly before the English reader ; 
for the same purpose he has also modified and added to 
the text here and there. 
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The translation, I think, expresses the sense of the 
original, 

I hope this book will be serviceable in showing clearly 
what is known in the department of natural science with 
which it deals, and that it will incite to the more full 
investigation of the varied phenomena of solutions. 

M. M. PATTISON MUIR. 
Cambridge : Jtme 1891. 
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This book is a translation of that portion of my Lehrbuch 
der Allgemeinen Chemie which deals with the Laws of Solu- 
tions. 

There are always objections to publishing a portion of 
a book ; but in the present case, the issue of a part of a 
larger book seems to be justified by the consideration that 
a comprehensive survey of the very remarkable advances, 
both theoretical and practical, which have been made in 
the last few years in the subject of solutions must be useful 
to all who are not in a position to make themselves 
acquainted with the many and widely-scattered memoirs on 
this subject. * The great rapidity with which the theory of 
solutions, founded by van 't Hoff, has advanced in recent 
years is perhaps the reason why doubt has been cast on 
the solidity of this theory ; for the more rapid is the advance 
of new ideas the more difficult is it for those who stand on 
one side to criticise these ideas. The author hopes that the 
statement 'of this theory which he lays before the scientific 
public, with its debit and credit sides duly made up, will 
enable them to arrive at just conclusions concerning its 
value. 

It is not to be denied that there are still several points 
in the theory in question which require explanation ; but 
this is true of all theories, even of those which are most 
firmly established. The very many applications which 
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have been madei of the theory, and the very various depart- 
ments of investigation which have been elucidated by it, 
show that it ahready fulfils the essential conditions of a 
good theory, inasmuch as it serves as a guide to advance 
while at the same time it helps in setting forth the know- 
ledge already gained ; and these considerations lead us to 
expect that the theory will do yet more in the future than 
it has done in the past. 

In order to make this book as useful as possible in this 
direction, and at the same time to give it as far as may be 
an individual character, the author has revised the text and 
has made changes and improvements where these seemed 
called for. Additions have also been made from memoirs 
which have appeared since the publication of the German 
edition at the end of the year 1890, 

My best thanks are due to Mr. Pattison Muir for the 
care with which he has prepared the translation into 
English. 

Finally, the author has revised the proofs of the English 
edition in order to insure the accuracy of the translation. 

W. OSTWALD. 

Leipzig : June 1891. 
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EBB AT A AND ADDENDA 

P. . 8, line 16 from top, for * law ' read ' laws * 

„ 18, „ 7 „ insert bracket after t in the formula. 

„ 20, figure should be numbered ' 2.' 

„ 32, lines 11 and 12 from bottom, for * becomes ' read * became ' 

„ 44, line 18 from top, after p^ d^ insert : 

„ 46, „ 6 „ after ^^ insert : 

Pi 
„ 46, lines 14, 15, and 18 from top, for * vapour-pressure ' read * vapour^ 

pressures ' 

P. 67, line 5 from bottom, far * Etard * read « JEtard * 
68, „ 6 from top, for * equation ' read * equations ' 
78, „ 8 „ move sign of equality a little lower. 
„ 99, at end of quotation from Pfefifer's memoir add reference as fol- 
lows : — * A paper is published in Chem. Soc, Journal^ June 1891 (trans. 
1891, p. 344) by B. H. Adie, in which a lull account is given of the prepara- 
tion of membranes in clay-cells.' 

P. 104, to first foot-note add, *■ Quite recently K. H. Adie has carried 
out a series of measurements of the osmotic pressures of many salts in 
solution (Chem. Soc, Journal, tbans. 1891, p. 344).' 

P. 136, line 13 of table, for * ammonium ' read * ammonia ' 

142, „ 18 from top, and also last line, for *r' : r ' read *r : r' ^ 
160, first table, column 1, for * 660, 100, 1980 ' read *60-9, 81-0, 100-6.' 
165, line 4 from bottom, for * solution ' read * solutions ' 
„ 237, „ 2 „ reverse the second bracket in the formula. 

„ 256, „ 2fromtop,/or*(l-o)'rflaki*(l-6)' ' 

„ 256, „ 3 „ f(yr*a' read * b ' 

„ 297, „ 20 „ /or* the actual molecular weights ot* read \the 
molecular weights found for * 

P. 302, line 7 from top (not counting table) for  regulations ' read ' regu- 
larities ' 

P. 304, line 2 from top, for * was ' read * is ' 
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CHAPTEE I 

SOLUTIONS IN OASBS 

1. Oener^ties. — Solutions are homogeneous mixtures 
which cannot be separated into their constituent parts by 
mechanical means. The ability of substances to form 
snch mixtures or solutions varies according to the states of 
aggregation of the substances. In the case of gases the 
ability is universal and unlimited ; two gases can always 
form homogeneous mixtures with one another in all propor- 
tions, provided they do not combine together chemically. 
The conditions under which liquids and solids form solutions 
with one another are much more restricted. Liquids, it is 
true, generally dissolve one in another, but the number of 
pairs of liquids which mutually dissolve in all proportions 
is not great. Solids scarcely dissolve in solids ; although 
isolated facts have long been known, it is only recently that 
the conception of solid solutions has been clearly established.^ 

2. Solutions of gases in gases. — The properties of a 
homogeneous mixture, or solution, formed by two gases are 
the sum of the properties of the constituents of the mixture. 
This statement holds good for all gaseous solutions, and 
enables us to draw conclusions regarding properties which 
have not yet been subjected to experimental examination. 

1 Van 't HofF, Zeitschr. f. physikal. GhemiB, 5, p. 822 [1890]. 
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2 SOLUTIONS 

The limits within which this statement holds good are 
much the same as those which condition the general 
gaseous laws. As the statement does not hold good for 
liquids, gases show deviations from it the nearer they are 
brought to the liquid condition. 

The earliest known special case of the foregoing general 
statement was that which applies to the pressure of gaseous 
mixtures. Dalton (GUb. Ann. 12, p. 885) announced in 
1802 that the total pressure of a mixture of gases is the 
sum of the partial pressures exerted by the constituents of 
the mixture in the given space. This simple and perfectly 
correct statement has often been misunderstood. From 
certain expressions used by Dalton, the conclusion has been 
drawn that ^ the different gases exert no pressure on one , 
another ; ' and then this conclusion has been regarded as 
disproved by the fact that two differently coloured gases, 
placed one over the other, suffer simultaneous and propor- 
tional change of volume when the pressure is changed, and 
therefore * exert pressure on one another.' Two different 
cases are really under consideration. When two, or more 
than two, gases are in contact, the following equation holds 

good 

PiV^ + p^v^ + i?3V3 + . . . . = p v; 

where ^1^2 • • • ^^^ ^i^a • * • ^^^ ^^^ pressures and volumes of 
the constituent gases, and p and v are the corresponding 
values for the mixture of gases. If the gases are super- 
imposed in layers, all the pressures must be equal; the 
equation takes the form 

Pi^i + t?2 + t?3 +•••)= PV, or Vj -♦■ Vj -h t?3 -♦■...= v; 

in this case the volume of the mixed gases is equal to the 
sum of the volumes of the individual gases. But if the 
gases are equally mixed, all the volumes are equal, and 
therefore 

V (i), + i?2 + i>3 . . . ) = P V, or i)^ -I- 1?2 +2>3 • • • = P ; 
in this case the pressure of the mixed gases is equal to the 
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sum of the pressures of the individual gases. The second 
case is the more common; it occurs when a mixture of 
gases, made in any order, is allowed to remain at rest for a 
time. 

It is not only the pressure and volume of a mixture of 
gases which are equal to the sum of the individual pressures 
or volumes ; the statement has been proved true for refrac- 
tion of light,^ and also for absorption of light.^ There can 
be little doubt that the generalisation will apply in all other 
cases. 

3. Deviations. — The cause of the gaseous laws, in their 
simplest form, in which they are independent of the nature of 
this or that special gas, is to be found in the great division of 
the particles of the gases throughout a considerable space ; 
under such conditions the characteristic properties of the 
particles do not come into play, and these particles act only 
by their number. The same cause lies at the root of the law 
of addition of gaseous properties, stated in the preceding 
paragraph. Deviatipns from this law, as from the general 
gaseous laws, are to be looked for if the conditions already 
expressed differ more from reality than is allowed by the 
necessary experimental errors. 

But little is known concerning such deviations. 
Begnault^ determined the volume, at different pressures, 
of mixtures of air with carbon dioxide and of hydrogen 
with sulphur dioxide ; he noticed deviations from the 
results calculated from the behaviours of the individual 
gases, but the relations could not be formulated simply. 
The researches of Andrews^ on mixtures of air and carbon 
dioxide, and on mixtures of nitrogen and carbon dioxide,^ 
go more deeply into the matter, and show that the simple 
law of addition requires modification. Calculations have 
been made, from the results of Andrews, by Margules* and 

1 Biot and Arago ; OUh, Arm. 25, p. 845 [1807]. 

* Bunsen and Boscoe ; Pogg, 101, p. 248 [1857]. 

» M^m. de VAcad, 36, p. 256. * Phil, Mag. (5) 1, p. 78 [1876]. 

^ phil. Trans. 1887, p. 45 (published after Andrews' death). 

• Wim. Akad. Ber, 97, p. 1399 [1888]. 
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4 SOLUTIONS 

Galitzine.^ The calctilations of Margoles show that a 
notable expansion occurs when strongly compressed carbon 
dioxide and nitrogen are mixed ; this expansion had been 
noticed by Andrews. For instance, the following increase 
of volume was noticed when three volumes nitrogen were 
mixed with four volumes carbon dioxide at 81*1**: — 

Pressure .... 50 60 70 80 atmospheres 
Expansion .... "9 12 29 89 per oent. 

On the other hand, no marked difference was found 
between the total pressure and the sum of the partial 
pressures; thus 

Total pressure (at 311^) .50 60 70 80 atmospheres 
Sum of the partial pressures 50*7 61 71*4 81*6 atmospheres. 

The results of the calculations of Galitzine are similar 
to these.^ He found the sum of the partial pressures, at 
low temperatures, to be a little greater than the observed 
total pressure ; the deviation acquired a maximum value as 
pressure increased ; after passing the maximum, the value 
decreased until it disappeared at 150 atmospheres, tempera- 
ture being 81^ ; at greater pressures than this the deviation 
changed its sign, so that at the highest pressures the total 
pressure was greater than the sum of the partial pressures. 
The deviations were found to be very small at temperatures 
above the critical temperature. 

F. Br aun^ has carried out investigations with various 
gases. The gases were placed in two vessels, r, and r^, 
connected by stopcocks: the vessels were in connexion 
with a manometer, the other limb of which, for obtaining 
a constant pressure, was connected with another vessel 
having a capacity equal to v^ -h v^; on opening the stop- 
cock the gases mixed, and the manometer showed the 
change of pressure. This change of pressure consisted of 
the change accompanying the expansion of the gases to 
double their volume, and the change consequent upon the 

* Dissertation ; Strassbnrg, 1890. * Loc, cit. p. 23 e^ seq» 

< Wied. Ann. 34, p. 948 [1888]. 
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mutual reaction of the two gases. The first value could 
be calculated from the known behaviour of the gases^ and 
from this the second value was found. The second values 
are given in the following table in mm. of mercury, 
calculated at 0^ and an initial pressure of one atmosphere. 



GaseB 


Begnaolt 


Fuohs 


SOj+COj 


-5-28 mm. 


-8-88 mm. 


SO,+H, 


-1-36 mm. 


-016 


SO, + N, 


-2-67 


-1-27 


00, + air 


-0-86 




COj + Hj 


•I-004 




Ha + air 


+ 0-22 




H,+N, 


-i^0'43 





The minus sign signifies a decrease of pressure. The 
numbers in the two columns are obtained by using obser- 
vations of Beguault and of Fuchs on the behaviour of 
sulphur dioxide at various pressures. It is evident that 
both increases and decreases of pressure occur. 

4. Solutions of liquids in gases. — The readiness shown 
by liquids to form homogeneous gaseous mixtures with 
gases is connected with the readiness of these liquids to 
evaporate — in other words, to assume the gaseous state. 
Dalton ^ expressed the law^ which corresponds with the law 
of addition for solutions of gases : — the vapour-pres^wre of 
a liquid m a ga8 is the same as in a vacuum. 

This law must be regarded as a limiting law. The 
laborious measurements of Begnault^ on the vapour- 
pressure of ether in air show that this pressure has nearly 
the same value as in an empty space, but that in air the 
pressure is regularly a little less than in vacuo; the difiierence 
may somewhat exceed 6 per cent, of the pressure. Devia- 
tions were also observed with carbon disulphide and benzene 
in air, but the differences were much smaller than with 
ether in air. 

1 QUb, Ann, 12, p. 398 [1802] ; 16, p. 21 [1803], from Mem, Manchester 
PUl, 8oc. 5, p. 550. 

' M^m. de VAcad, !S6, p. 679. 
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It was difficulty if not impossible, to observe quite con- 
stant pressures in these measurements ; irregularities were 
frequently obt^erved, and were attributed by Begnault to the 
condensing action of the walls of the containing vessel. 
The experiments of Guglielmo and Musina ' have shown that 
Begnault's explanation is not tenable, or at least is not 
sufficient. It is much more likely that the ether which 
Begnault used contained traces of impurities which caused 
partial condensation. Becent measurements of Tamman ^ 
and Beckmann ^ have shown how difficult it is to obtain 
ether with a constant vapour-pressure. 

Galitzine ^ has recently published an extensive investi- 
gation into the subject now under consideration ; a part of 
the foregoing historical summary is taken from this memoir. 
It is shown that the differences between the vapour-pressures 
of water, ether, and ethylic chloride, in air, and in vacuo, 
are very small ; these differences increase at high tempera, 
tures, but, as a rule, do not amount to 1 per cent. The 
differences become considerably greater ; they are, however, 
irregular, when the experiments are conducted in narrow 
tube-shaped vessels. The cause is to be sought for in the 
slow diffusion, and consequent coming into play of the 
action of the walls of the vessel. 

Two causes are to be regarded as operative in the 
phenomena we are considering : the mutual actions between 
the molecules of the vapour and the gas must be considered ; 
and the lowering of the vapour-pressure of the liquid, due 
to the solution in the liquid of some of the gas, must not 
be overlooked. In the case of such a gas as air, which 
dissolves very slightly in liquids, the second cause cannot 
exert much influence; but this cause becomes operative 
when a gas of greater solubility, such as carbon dioxide, is 
used. Observations of such cases were made by Begnault ; 



> Bipj. Seimt Firenze, 19, p. 185 [1887]. 

« Wied, Awn. 82, p. 683 [1887]. 

< Zeitschr.f.physikal Chemie, 4, p. 536 [1889]. 

* Dissertation ; Strassborg, 1890. 



SOLUTIONS m GASES 7 

these have been referred to already. No more recent 
investigation is known to me. 

A theory of the behaviour of mixed gases has been 
given by van der Waals ; ^ it is based on the general theory 
of ^ases pat forward by the same author.^ Certain changes 
are made in the equation for a single gas, j> v = b x ; where 
B is a constant, and t = absolute temperature. In the 
first place, Boyle's law is not applied to the total space, 
but only to that part which is not occupied by the molecules 
of the substance ; the volume of the molecules, b, is sub- 
tracted from the total volume, v. Further, the pressure 
consists not only of the kinetic portion, which is referred by 
the theory to the bombardment of the molecules, but also of a 
portion which, is dependent on the mutual actions of the mole- 
cules, and which is proportional, according to van der Waals, 
to the square of the density, or is inversely proportional to 
the square of the volume. The equation given above then 

assumes the form p + — (r — 6) = r t, where a = the con- 

stant of the mutual molecular actions. That this equation 
expresses the behaviour of gases in changing to the liquid 
state, has been shown by van der Waals in the memoir 

referred to. The equation may be written p= =■ 5. 

In dealing with mixed gases, a corresponding equation is 
used, in which the constants a and b are replaced by 
functions of the constants, a^ b^, and a, &,, belonging to 
both parts of the mixture. In a twofold mixture, con- 
sisting of the parts 1 — a:, and x, a is replaced by 
a^:=a^ (1 — a;)* -h 2a^^x (1 — a;) + a^x\ where aj and a^ 
are the constants of the molecular attraction of the single 
substances, and a^^ is the corresponding constant for ibe 
reaction of the different molecules. The constant b cannot 
be replaced by the expression b^ = ftj (1 — a;) + b^ x, but^ 

1 Zeitschr, f, phyaikdl. Chemie, 5, p. 133 [1890]., 
* Die CofUinuiUit dea gasformigm tmd flUasigen Zmtandea : Leipzigt 
1881. 
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according to Lorenz,' the expression to be used is b^ s= 
b^ (1 — x)^ + b^^x (1 — x) b^x^f where 6,2 is a new comAant. 

The further development of the theory leads to some- 
what complicated calculations. ¥an der Waals has shown 
that the theory enables several phenomena to be repre- 
sented qualitatively ; but the measurements hitJherto made 
do not lead to such an exact quantitative knowledge as is 
required for the accurate determination of the new constants. 
Galitzine^ has put forward a theory similar in principle 
to that of van der Waals« This theory is founded on the 
equation given by Clausius.' 

6. Solutions of solids in gases. — Inasmuch as certain 
solids can be evaporated without going through the liquid 
condition, it is correct to speak of the solution ol such 
solids in gases. We have no experimentally-gained ac- 
quaintance with the law of these phenomena ; nevertheless, 
considering that the vapour-pressure of volatile solids is a 
function only of the temperature, as is the case also with 
liquids, we may conclude that Dalton's law will hold good 
for solutions of solids in gases. Because of the circumstance 
that gases do not dissolve, or dissolve only to a very slight 
degree, in solids, the deviations from Dalton's law which 
are noticed for some liquids will not occur for solutions of 
solids in gases. 

The specific ioiutual action between the molecules of the 
solvent and those of the dissolved substance appears some- 
time to act so that the volatility of the dissolved substance 
is increased. Hannay and Hogarth ^ found that gaseous 
alcohol, above its critical temperature, dissolves potassium 
iodide ; this salt had therefore becomes gaseous at a tem- 
perature whereat it ordinarily shows no marked volatility. 
It is certain that actions of this kind can take place only 
in gases which assume a small volume at very great pressure, 
as otherwise the mutual action of the molecules cannot 
attain a considerable value. 

> Wied. Ann. 12, p. 184 [1881]. * Loc. cU. 

« Wied. Ann. 9, p. 348 [1880]. * Proc. R. 8. 80, pp. 178, 484 [1880]. 



CHAPTER n 

BOLUTIOMS or 6A8BS IN UQUIDS 

1. The fimdamental law. — It may be asserted that every 
liquid is capable of taking up every gas, and combining 
therewith to form a homogeneous liquid or solution. This 
capability, however, differs very much, and is dependent, 
in complicated ways, on the nature of both the substances. 

Two classes of these gas-solutions are to be distin- 
guished. To the first class, the ordinary solutions, belong 
those from which the dissolved gas is entirely removed by 
raising temperature or diminishing pressure ; to the second 
class belong those from which the dissolved gas is not 
thus entirely removed. In cases belonging to the second 
class, e.g. in a solution of hydrogen chloride in water, we 
have sufficient grounds to assert that chemical change 
occurs. 

The law of Henry,^ verified by Bunsen,^ holds good for 
solutions from which the dissolved gas is wholly removed 
by lowering pressure or raising temperature : the quantity 
of a gas dissolved by a specified quantity of a liquid is pro- 
portional to the pressure of the gas. As the volume of a gas 
is inversely proportional to the pressure, the law may be 
put thus : a specified quantity of a liquid dissolves the same 
volume of a gas at all pressures. There is no question 
about the proportions of gas and liquid so long as the 
quantity of gas is not smaller than that which can be 
absorbed by the liquid under the experimental conditions. 

> Pha. Trans. 1808. > Annalm, 98, p. 1 [1855]. 
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This cannot occur when the gas and liquid together occupy 
a space which is kept constant ; for in this case the gaseous 
pressure falls, when absorption occurs, until the quantity 
of gas which corresponds to the decreased pressure is 
absorbed. 

Another form is obtained for Henry's law by bringing 
in the notion of concentration. Taking concentration to 
mean the quantity of substance divided by the space which 
it occupies (whether other substances be also present in 
this space or not), the law may be expressed by saying 
that the gas is absorbed by the dissolving liquid in ..Sfwch 
quantity that the concentration of the gas in the spa^ce occupied 
by it is proportional to that in the liquid. The absolute 
value of the concentration has no effect on the proportion 
of the two concentrations ; this depends only on the nature 
of the substances, and on the temperature. 

2.. Gas-mixtures. — In 1807 Dalton ^ showed that Henry's 
law holds good when a mixture of gases is absorbed by a 
hquid. The liquid absorbs each constituent of the mixture, 
as if that one only were present and exerted a pressure 
corresponding to its quantity. In dissolving, and also in 
the solutions produced, mixtures of gases obey the law of 
addition, which law has been found already to express all 
their other properties. 

8. Heasnrement of the qaantities absorbed. — Absorption 
begins as soon as a gas is brought into contact with a 
liquid. The surface-layer of the liquid takes up as much 
of the gas as is possible under the conditions ; the gas 
absorbed then passes^ to the interior of the liquid by diffu- 
sion, and the surface-layer dissolves more. This process is 
repeated till the liquid is saturated ; but as diffusion occurs 
slowly, a long time elapses before the'maximum absorption 
is attained. By intimately mixing the gas with the liquid, 
and constantly agitating the liquid, saturation is more 
quickly reached. When large quantities of a gas are 
available, saturation may be effected most easily by slowly 

> Mem. Mamheater PhU. Spc. 1 [1808]. 
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passing a stream of the gas into the liquid, kept at a 
constant temperature for some time. In other cases, the 
apparatus of Bunsen, or some similar apparatus, may be 
used. Bunsen^ places the gas in a graduated tube over 
mercury, adds a measured volume of the liquid, which has 
been boiled to expel air, fixes the open end of the tube 
tightly against a caoutchouc-plate, immerses in a cylinder 
of water (to maintain a constant temperature), and shakes 
violently for some time. By repeatedly opening the tube 
under mercury, allowing the mercury to enter, and again 
shaking, a condition of equilibrium is attained ; the volume 
of gas absorbed by the Uquid is determined by measuring 
the dimiBution in the vlme of the gas. the increase in 
the volimie of the liquid, and the pressure. 

Many other pieces of apparatus are in use besides that 
of Bunsen. One was described by G. Wiedemann,* and was 
improved by Hiifner. The absorption-vessel consists of 
two chambers, connected by a two-way stopcock, and also 
comiected witL a manomeier which is qL mied with 
mercury. One of the chambers is fiUed with the gas, and 
the other with the au:-free Uquid ; the manometer is dis- 
connected, the stopcock connecting gas and liquid is opeped, 
the whole is shaken, the manometer is connected, and the 
mercury corresponding to the diminished pressure is allowed 
to flow out, and these operations are repeated as often as 
is necessary. The quantity of gas absorbed is found from 
the weight of mercury which has flowed from the mano- 
meter. Heidenhain and Meyer, and afterwards Setschenoff, 
connected the absorption-vessel, by means of a flexible 
capillary tube, with a large manometer filled with the gas, 
and determined the quantity of gas absorbed by measuring 
the change of pressure in the manometer. Hiifner ^ pumps 
the gas out of the liquid in which it has been dissolved, by 
means of a Sprengel mercury-pump, and determines the 

> Annalm^ 98« p. 10 [1855]. 

« J.fiirprakt Chemie, 22, p. 268 [1880]. 

» Wied. Arm, 1, p. 629 [1877]. 
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amount of gas eadiometricall;. In many cases the quantity 
of gas abeorbed may be determined by one of the ordinary 
analytical methods. The gain in weight of the absorption- 
apparatus gives a direct measuiement of the quantity of 
gas dissolved ; this method is frequently applicable. 

The following absorptiometer, constructed after that of 
Heidenhain and Meyer, has been found convuiient and 
accurate in mj own lab(H^toiy. The tube a is for measuring 
the gas (fig. 1) ; this tube is divided into cubic cdntimetres 
starting from a point chosen arbitrarily; it is connected, by 
caoutchouc tubing, with a tube of 
equal diameter, b ; this tube, B, is 
movable, and by means of it the 
position can be adjusted of the 
liquid (mercury or water) which 
shuts off the gas in the measuring- 
tube. The gas measuring-tube is 
connected with the absorption- 
vessel, c, by a flexible capillary 
tube of lead (silver or platinum is 
required in a few cases). The stop- 
cocks a and b are three-way cocks ; 
c is a simple stopcock. The vessel 
is filled with the air-free hquid, 
-. and A with the gas (the Uiree-way 

cock enables this to be done easily) ; 
pressure having twen equalised, the position of the gas in 
A is read off ; a is brought into connexion with o, and by 
raising b and opening the stopcock c a determinate volume 
of the liquid is made to flow into a measuring flask ; an 
equal volume of the gas passes into o, and then absorption 
proceeds, c being shaken constantly. To keep the tempera- 
ture constant, a and c are surrounded by water, or by 
vapours of known boiling-points. 

4. Abaorption-ooeffieieiiti. — Bunsen applied the term ' ab- 
sorption-coef&cient ' to the volume of gas, reduced to 0° and 
normal pressure, absorbed by imit-volume of a specified 
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liquid at normal temperature. Let v as volume of liquid, 
V = volume of gas absorbed at pressure p and temperature t» 
then the volume of gas reduced to 0"" and 760 mm, r'o, is 

^ , where a = -00867 (the coefficient of ex- 



^^'0 = 



760(l + a«) 



760 ' 

pansion of the gas). According to Henry's law, - — -fold the 

P 
quantity of gas would be dissolved at 760 mm. pressure ; 

the reduced volume then becomes v^ = -,^ ^^^ ._ s= 

" 760 (1 + a I p 

The coefficient of absorption, /3, is found by div^d - 



V 



1 + at 
ing by the volume of liquid, v : 
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Bunsen's coefficient of absorption expresses the ratio between 
the volume of gas, reduced to 0"", absorbed at the pressure 
of the experiment, and the volume of liquid which effects 
the absorption. It seems advisable to choose a simpler ex- 
pression than this, and to do away with the reduction to 0"", 
inasmuch as this is hardly justified by the nature of the 
process! I use the expression solubility of a gas^ X, to signify 
the ratio of the volume of gas absorbed to the volume of 
the absorbing liquid, at any specified temperature and 
pressure :* 

V 

The relation between the solubility of a gas and Bunsen's 
absorption-coefficient is X = )8 (1 + a t). 

The absorption-coefficient, and also the solubility, of a 
gas is independent of the pressure, and is dependent on 
the nature of the gas and the temperature. According to 
Bunsen and Garius, the absorption-ooefficient of hydrogen 
in water, and of oxygen and carbon monoxide in alcohol, are 
independent of temperature. But recent measurements in 
my laboratory have shown that these statements are based 
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on experimental errors, and that the coefficients in question 
vary somewhat with temperature. 

Dalton supposed that the influence of temperature on 
the absorption-coefficients of various gases disserving in the 
same liquid is proportional to the influenee on each gas 
separately, so that the composition of the gas dissolved by 
a specified liquid acting on a mixture of gases is inde- 
pendent of the temperature* Dalton's statement is not 
strictly accurate ; nevertheless it is applicable in a general 
way.^ The following tables contain absorption-coefficients 
of several gases, in water, and in alcohol of S.O. '792 at 
20"" ; the measurements were made by Bunsen and his 
pupils : — 



Temp. 


Nitrogen 


Hydrogen 


Oxygen 




W. A. 


W. A. 


W. A. 


0° 


0*02085 01268 


0*01980 0*06925 


0*04114 0*2840 


5 


0*01794 0*1244 


0*01980 0*06858 


0*08628 '* 0*2840 


10 


0*01607 01228 


001980 0*06786 


0*08250 0*2840 


15 


001478 0*1214 


001980 0*06725 


0*02989 0*2840 


20 


0*01403 0*1204 


0*01980 0*06668 


0*02888 0*2840 



Temp. 


Carbon dioxide 


Carbon moQoxide 


Nitrons oxide 




W. 


A. 


W. A. 


W. 


A. 


0° 


1*7967 


4*8295 


0*08287 0*2044 


1*8052 


4178 


5 


1*4497 


3*8908 


0*02920 0*2044 


1*0984 


8*844 


10 


1*1847 


3*5140 


0*02685 0*2044 


0*9196 


8*541 1 


15 


1*0020 


3*1998 


0*02432 0*2044 


0-7778 


8*268 1 


20 


O9014 


2*9465 


0*02812 0*2044 


0*6700 


8*025 



Temp. 


Methane 


Btbyleoe 


Snlphnretted hydrogen 


0° 

5 
10 
15 
20 


W A. 
0*05449 0*5226 
0*04885 0*5086 
0*04872 0*4954 
008909 0*4828 
008499 0*4710 


W A. 

0*25*68 8*595 
0*2168 3*828 
0*1887 8086 
0*1615 2*888 
01488 2*713 


W A- 

4*371 17*89 
3*965 14*78 
8*586 11*99 
3*233 9*54 
2*905 7*42 



> Vide E. Wiedemann, Ladehburg^a HandtoOrterbuch d, Chemie, 1. 
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Temp. 


Nitric oxide 


Butane 


Ethane 




A. 


W. 


W. 


0° 


08161 


0-08147 


0-0871 


5 


0-2999 


0*02689 


0*0720 


10 


0-2861 


0*02855 


0*0599 


15 


0-2748 


0-02147 


00508 


20 


0-2659 


0*02065 


0*0447 



The above numbers comprise almost all the absorption- 
coefficients of gases in single liquids which have been 
determined. The numbers cannot be regarded as finally 
correct. Besides the number given for ethane, G^Hg, 
Bunsen's results ^ contain a series of numbers for dthyl- 
wasserstofff GJBi^ ; the numbers differ from eight to ten per 
cent, from those for ethane (or methyl as it is called in the 
original memoir) ; but we know now that there is but one 
compound having the formula G, H^. 

Many chemists have thrown doubt on the accuracy of 
the values given by Bunsen for the absorption-coefficients of 
oxygen, and have shown that the true values are probably 
greater than Bunsen's. L. W. Winkler recently gave the 
following numbers: 0*^=-0489, 5**=-0429, 10**=-088, 15^ 
=•0842, 20**= -081, 25*= -0284, 80*'=-0262. These results 
were obtained by combining the oxygen with MnO and 
decomposing the MnO, formed by KI and hydrochloric 
acid.^ Fettersson and Sonden obtained nearly identical 
results by a volumetric method of analysis.^ 

The remarkable observation that the absorption-coeffi- 
cients of hydrogen in water and oxygen in alcohol are not 
affected by changes of temperature has not been confirmed. 
A very careful series of measurements carried out by 
W. Timofejeff,^ with the apparatus described on p. 12, has 
shown that the coefficients in question decrease with increase 
of temperature. The numbers are : — 



> For references wde Berichte, 22, p. 1489 [1889]. 

« Berichte, 22, p. 1439 [1889]. » Ibid. 22» p. 1764. 

* Zeitschr.f.physikal ChenUe, 6, p. 141 [1890]. 
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Temp. 


Hydrogen In Water 


Oxygen in Alcohol 


0*> 


•0215 


•28S7 


5 


•0206 


•2800 


10 


•0198 


•2266 


15 


•0190 


•2282 


20 . 


•0184 


•2201 


25 


•0178 


•2170 



The values for oxygen in alcohol differ considerably from 
those given by Bonsen. 

5. Absorption in other liquids. — There tieems no doubt 
that Henry's law holds good for all li(}uids, and is not 
to be restricted to water and alcohol, the liquids which 
have been generally used in experiments on absorption- 
coefiScients. Investigations have been made by Woukou- 
loff,^ with carbon disulphide and chloroform ; the results 
show agreement with Henry's law within the limits 
of the appUcability of the general gaseous laws. No 
simple relations have been traced, as yet, between the 
nature of the solvent and the solubility of a gas. The 
absorption-<5oefficients of a gas in different solvents are not 
proportional to one another ; this was shown by Bunsen for 
water and alcohol, and confirmed for petroleum by 
Gniewosz and Walfisz.* 

6. Testing Henry's law. — Henry himself tested his law, 
and confirmed its accuracy by examining five different gases 
at pressures varying from one to three atmospheres. Henry 
contented himself with a somewhat rough approximation ; 
the experiments could not at that time be very accurate. 
At a later time, Bunsen and his pupils conducted ex- 
periments which confirmed the law. The pressure in 
Bunsen's absorptiometer could be changed only to a small 
extent, so that the limits of the experiments were some- 
what narrowed ; on the other hand the limits of pressure 
could be extended considerably by using mixtures of gases. 
In such a case, let there be, in unit- volume of the mixture, 

> Campt. rend. 10%, p. 674 ; 109, p. 61 [1889]. 
« Zeit8chr.f,physikal, Chemie, 1, p. 70 [1887]. 
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?!' 92) ?8 • * • • Yolumes of the different gases ; then the 
partial pressure of each gas is q^p, q^p, q^Pyii p be the 
total pressure. Then, putting )3p ^Sj, yS, • • . • as the 
absorption-coefficients of the different gases, the quantities 
of the gases absorbed g^, g^, g^ are, for the 

unit-volume of the Uquid, g, = fi^ q, ^, g^ = fi^ q^ ^, 

99 = ^83 qJ^ ,^ . . . • It is evident that by decreasing 

the quantity of a constituent of ihe mixture, and therefore 
decreasing the partial pressure, it becomes possible to test 
the law for pressures between and one atmosphere* As 
an example, I give experiments made by Bunsen on a mixture 
containing, by analysis, '7819 hydrogen and •2681 carbon 
dioxide. The composition of the gases absorbed was calcu- 
lated from the observations by using the absorption- 
coefficients of pure hydrogen and carbon dioxide.^ 
Three experiments gave : — 

1 S S Mean ByAnalyBiit 

Hydrogen . . . -7343 -7372 ^7285 -7838 -7819 
Carbon dioxide . -2657 -2628 •2715 -2667 -2681 

These numbers indicate the accuracy of the law; but 
they contain no systematic examination of the sphere 
within which it is applicable. Bunsen expressed the opinion 
that there are limits within which the law holds good ; but 
he did not undertake the determination of these limits. 

Ehanikoff and Luginin ^ carried out measurements to 
fill up ihe gap left by Bunsen. These investigators modified 
Bunsen's absorptiometer, by making it possible to detach the 
manometer completely when the vessel was being shaken to 
ensure thorough absorption of the gas ; the shaking was 
done under water by means of a rotating cylinder. The 
gas used was carbon dioxide ; deviations from the gaseous 
laws were taken into account in reducing to normal 
temperature and pressure. The results are presented in 

* Qaaometrisehe Methoden, p. 245. 

2 Ann. Chim. Phys, (4) 11, p. 412 [1867]. 
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the following table ;} F = preasure at the end of the 
experiment, ^s volume pf gas absorbed,. /^=s volume of 
water used for absQrption, and a = quantity of gas absorbed 
at pressure P by unit- volume of water : 



p 


g 


h 


a 


a:P 


69*8 


3466 


8671 


0*9441 


0*01352 


80*9 


5268 


4534 


1-1619 


0-01436 


128-9 


6979 


3743 


1-8647 


0-01447 


1470 


10030 


4638 


21628 


0*01471 


200-2 


10854 


3738 


2-9076 


0-01451 


• 218-9 


14757 


4646 


31764 


0-01452 


236-9 


13440 


3856 


8-4857 


0-01472 


265-4 


17490 


4708 


3-7152 


001455 


273-8 


15135 


8781 


4*0031 


001463 


311-0 


20899 


4644 


4*5006 


0-01447 



The authors take the first observation as a basis, and 
then compare the ratios a^ : a^, a^ : a^, a^ : a^ • . . with 
the ratios P2 • Pu Pz ' Pv Pa * Pi • • • • The two series of 
ratios are not alike ; the first series is greater throughout, 
and shows increasingly greater values than the second ; 
this result is not that required by the law of Henry. The 
authors conclude that the law is therefore incorrect. But 
if no special weight is given to one observation more than to 
another — i.e. if the ratios a^ : Pi, ^2 • 2^2> ^s • Pa • ^ • • • ar© 
calculated as is done in the last column of the foregoing 
table — it is evident that all the experiments, except the first, 
give accordant results ; the deviations are quite irregular, 
and are evidently due to experimental errors. These ex- 
periments, therefore, fully confirm the law of Henry, This 
result of the experiments has been pointed out by Naccari 
and Pagliani,^ and, at an earlier date, also by Setschenoff. 
The law of Henry has not been tested of late years by 
experiments covering so wide a ground as those just referred 
to. Some experiments by Setschenoff will be referred to 
again. There is also an investigation by Naccari and 
Pagliani which is not accessible' to me ; from the abstract, ^ 

* Without the unwarranted number of decimal places of the original. 
« Ntwv, Cim. (3), 7, p. 71 [1880]. » Beibldtter, 4, p. 510. 
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I infer that the results confirm the law of Henry^ tilthongh 
within narrower limits of pressure than those used by 
Ehanikoff and Luginin. All these measurements were 
made with carbon dioxide. 

7. Exceptions to Henry's law. — Very soluble gases 
show deviations from the law of absorption. Garius^ 
felt certain that the law held good for ammonia, from th^ 
results of his experiments on mixtures of this gas with 
hydrogen ; but Boscoe and Dittmar ^ showed that the 
absorption-coefl&cients determined by Carius were inaccu- 
rate, and that the proportions of ammonia absorbed were 
much more complicated than was supposed by him. The 
curve in fig. 2 shows the relations between quantity of gas 
absorbed and pressure ; the straight line, required by the 
law of Henry, is set down for comparison. The opera- 
tions were made at 0^. Measurements were made by 
Sims,^ somewhat later, at different temperatures ; the curve 
becomes simpler at 20"^, and the two changes of curvature 
have disappeared ; at 40" the deviations are less marked, 
and at 100** the absorption of ammonia obeys the law 
of Henry. Completely similar results were obtained by 
Watts,^ by leading mixtures of air and ammonia through 
a small quantity of water, at a constant temperature, 
until the water was saturated. The quantity of ammonia 
absorbed agreed with that calculated from the partial 
pressure, using the tables of Boscoe and Sims, and showed 
deviations from Henry's law : the air behaved as if the 
ammonia were absent. 

The results of very accurate measurements with sulphur 
dioxide agree with those obtained with ammonia. From 
experiments on the absorption of mixed gases, Schonfeld * 
concluded that sulphur dioxide obeyed the law of Henry ; 
but Sims showed that the law is obeyed only above 40°, 
and that at temperatures below this the deviations are 

» Awnalm, 93, p. 33 [1855], « Ibid. 112, p. 349 [1859]. 

» Ibid. 118, p. 346 [1861]. * Ibid. Supplbd. 3, p. 227 [1865]. 

^ Amtalm, 95, p. 1 [1854]. 

c 2 
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extremely like those shown by ammonia. The observa- 
tions of Watts show that it does not matter whether the 
decrease of pressure be accomplished directly, or by 
admixture of another gas. Even a very absorbable gas, 
such as carbon dioxide, exerts no specific effect. This is a 
confirmation, within very wide limits, of Dalton*s law of 
the Btf^perposition of absorptions ; the law was confijrmed 
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by the measurements of Bunsen on mixtures, given above 
(p. 17), but not in so far-reaching a way as by the present 
experiments. 

Hydrogen chloride shows greater deviations from 
Henry's law than either ammonia or sulphur dioxide ; but 
this is to be expected, as water and hydrogen chloride react 
chemically. A marked difference is shown by the fact that 
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in the curve for hydrogen chloride, when p^O, g does not 
become =0» but retains [a positive value ; i.e. the whole of 
the gas is not removed from the solution by diminishing 
the pressure, but some remains, independently of the pres- 
sure, and the composition of this residue varies with the 
temperature. An aqueous solution of hydrogen chloride 
cannot, therefore, be freed from the gas by boiling, but 
a liquid distils over of approximately constant composi- 
tion. 

8. Theory of gas-absorption. — Dalton regarded the phe* 
nomena of absorption as altogether mechanical, inasmuch 
as they depended on pressure, whereas chemical processes 
were independent of pressure. He ascribed absorption to 
the penetration of the particles of gas between the mole- 
cules of the liquid ; but he could not thus explain why 
different gases were absorbed in different quantities by the 
liquid. 

Dalton's main argument is not now decisive, as to-day 
^e recognise the influence of pressure on the formation 
of chemical compounds. The supposition of a simple 
penetration of the gas-particles between the molecules of 
the liquid is opposed to the fact — unknown to Dalton 
— that absorption decreases as temperature increases, 
although as the total volume of liquid increases the inter- 
molecular spaces must increase also. 

Conceptions are arrived at from the molecular theory of 
liquids^ which are applicable to the phenomena of gas- 
absorption. It is certainly to be assumed that attracting 
forces exist between the molecules of the absorbed gas and 
those of the liquid; these forces hold fast a definite 
number of the gas-molecules, which bombard the surface 
of the liquid, until equiUbrium is established between the 
molecules entering the liquid and those which, by virtue 
of their energy of motion, again leave the Uquid. Under 
these conditions, the quantity of gas remaining in the 

* The deyelopment of the moleoiilar theory to liqnids is discussed by the 
author in an earlier part of his hook.— Translator. 
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liquid must be proportional to the number of molecules 
I passing out of the liquid — that is, proportional to the 
; density, as is required by the law of Henry. If tempera- 
ture is increased, the gas being maintained under the same 
pil^espre, so that the total energy of the molecular impacts 
on the surface of the liquid remains unchanged, the number 
of molecules leaving the liquid is reduced in proportion as 
the energy is increased, i.e. the number of molecules 
leaving the liquid decreases inversely to the absolute 
temperature. This explains the decrease in the absorption- 
coefficients with rise of temperature to some extent, but not 
fully, as the decrease is found to be much larger than this 
explanation predicts. 

There is undoubtedly a decrease of the attraction of 
the liquid, and this soon shows itself in the vapour of 
the liquid, inasmuch as the pressure of the vapour in- 
creases much more rapidly than in proportion to the 
absolute temperature. At all events, it is evident that 
the influence of the liquid is much greater than that of the 
gas on the change in the absorption-coefficient, which is 
connected with change of temperature, and that, thus, there 
is an approximate proportionality between the quantity of 
gas absorbed and the temperature-coefficient. 

The question as to the state of aggregation of the 
absorbed gas belongs to those questions which are made 
more difficult to answer by reason of the vagueness of their 
meaning. Inasmuch as a gas-solution is a physically 
homogeneous Uquid, the gas contained therein must be said 
to be in the liquid state ; but, inasmuch as the critical 
temperatures of many gases lie more or less below the tem- 
perature at which absorption is carried out, it cannot be 
supposed that such gases are so attracted by the liquid that 
they are first Uquefied and then dissolved, as Graham sup- 
posed. The absorbed gaseous particles form a part of the 
liquid just as truly as the molecules of the liquid itself; but 
the absorbed gas is not a liquid within the solvent. In the 
cases of gases whose critical temperatures are above that of 
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the experiment, mutual reactions ))etween the absorbed 
molecules come into play, espeoiaUy when much gas is 
dissolved. This is the case, e.g., with ammonia; one must 
suppose that the molecules of ammonia are in a conditioiij 
similar to that which occurs when ammonia is liquefied by 
pressure. The deviations of such gas-solutions from 
Henry's law are explained by this assumption; and the 
assumption also indicates that increase of temperature 
ought to decrease the deviations, both by decreasing the 
quantity of gas absorbed and also by bringing the gas 
nearer its critical point. Unfortunately, there are not suffi- 
cient data concerning the effect of temperature on the 
absorption of gases to verify this hypothesis numerically. 

Wroblewski's experiments on the process of gas-absorp- 
tion must be mentioned here. Wroblewski was concerned 
for the most part with the diffusion of dissolved gases 
through the solvent, but he also made use of his experiments 
to gain an insight into the nature of the process of solution.' 

/ He found that the diffusion of the absorbed gas through 
the solvent follows the same law as the diffusion of other 
dissolved bodies ; the quantity diffused through a specified 
cross-section is proportional to the difference of concentra- 
tion of the adjacent layers, and is dependent on the nature 
both of the gas and of the solvent. The character of the 
law was found to be the same whether water, a saline solu- 
tion, viscid jelly, or caoutchouc, was used. The rate of 
progression of the dissolved gas in the medium was found 
by Wroblewski to be nearly inversely proportional to the 
square root of the specific gravity of the gas ; in other words 
the rate of progression was nearly proportional to the 
rate of movement of the molecules. From these results 
Wroblewski concludes that gases retain their state of aggre- 
gation when they are absorbed by liquids. This conclusion 

appears to me to be erroneous. To conclude, from the 
experiments in question, that a dissolved gas is not liquefied, 
it is necessary to assume that the rate of movement of the 

» Wied. Awn. By 1^. 29 [1880],. 
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molecules of the liquid is not inversely proportional to the 
square root of the molecular weight ; but the opposite of 
this is probably true, i.e. it is probable that the propor- 
tionality in question holds good for liquids. 

9. Absorption of gases by saline solntions. — The investi- 
gation of the behaviour of gases towards solutions of salts 
was begun in order to answer certain physiological questions^ 
especially those concerning the absorption of carbon dioxide 
by blood-serum. 

Overlooking an observation made by Pagenstecher/ to 
the effect that a solution of sodium phosphate absorbs more 
carbon dioxide than water, and holds the absorbed gas more 
firmly, Marchand^ and Liebig^ took up the inquiry, but 
they failed to gain a basis of experimental facts sufficiently 
wide to solve the physiological questions at issue. Liebig 
found that, especially in the case of ordinary sodium phos- 
phate solution, a part of the carbon dioxide reacts chemically 
with the dissolved salt, while another part is dissolved as in 
water ; the latter portion follows the law of Dalton, the first 
portion does not obey this law. 

The subject was taken up by Fernet,^ in the year 1858, 
in an extended series of experiments having primary refer- 
ence to physiological inquiries ; a year earlier L. Meyer ^ had 
investigated the absorbent action of the liquids of the 
blood. From his measurements, Fernet concluded that the 
absorption is conditioned by the nature both of the gas and 
the dissolved salt ; and that this conditioning influence is 
exerted in two directions. Henry's law holds good in the 
cases of gases which exert no chemical action on the dis- 
solved salt : for instance, in the absorption of carbon dioxide, 
oxygen, or nitrogen, by a solution of common salt, the absorp- 
tion-coefficients are only somewhat smaller than if pure 
water is used. On the other hand, if the gas exerts a 
chemical action on the dissolved salt, as carbon dioxide does 

* Buchner^s Rupert. 82, p. 818 [1840]. 

* J.farpraU. Chemie, 87, p. 821 [1846]. * Aimalm, 79, p. 112 [1851]. 

* CompL rend. 46, p. 620. . • Pogg. 102, p. 299 [1857]. 
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on disodium phosphate or on normal sodium carbonate, 
then, besides the quantity of gas dissolved in accordance 
with the usual law of absorption, another quantity of gas is 
taken up by the solution ; this second quantity is independ- 
ent of the pressure, and is proportional to the quantity of 
salt in solution ; according to Fernet, it bears a simple 
molecular proportion to the salt present in solution. 

Some of Fernet^s results were called in question by 
Heidenhain and L. Meyer.^ These experimenters asserted 
that the behaviour of ordinary sodium phosphate is much 
more complex than Fernet's results indicated. It is true, 
said Heidenhain and Meyer, that the total quantity of carbon 
dioxide, a, absorbed by volume h of the solution can be ex- 
pressed by the equation as=A (i + ap), where &=the por- 
tion that reacts chemically and a=the portion which 
follows Dalton's law ; but the values of k and a vary con- 
siderably both with concentration and temperature, in the 
direction that both decrease as temperature increases, and 
both increase as concentration increases. The results are 
rightly attributed by Heidenhain and Meyer to the chemical 
action between carbon dioxide and disodium phosphate.^ 
The sharp criticism to which Fernet*s work is subjected is 
noticeable. Femet's results differed considerably from 
those of Heidenhain and Meyer, and also from the older 
measurements ; * this,' say the authors in question, * is the 
more remarkable, as Fernet's numbers show an agreement 
between calculation and observation to less than -^ mm. in 
pressure and y^ cc. in volume. This agreement extends 
even to cases where, from an oversight, an entirely erroneous 
value has been taken as the basis of the calculation. Con- 
sidering all things, we cannot accept Fernet's work as an 
unvarnished record of results obtained by actual experi- 
ments.' 

The problems remained untouched for ten years, and 

> Anndlen, Supplbd. 8, p. 157 [1868]. 

* This action is discussed by the author in that part of his book which 
deals with ehemittl affinity. — Translator, 
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were then taken up by isolated experimentera, whose re- 
searches are noticed in chronological order in the following 
paragraph. 

10. More recent work. — The absorption of ammonia by 
salt solution was examined by Baoolt^ in 1878. The 
following results are selected from his memoir. Baoult 
began with experiments on the absorption of ammonia by 
pure water ; the conclusions confirmed those of Boscoe and 
Dittmar, which differed from the results obtained by Garius. 
Experiments were then made with potash solution ; several 
flasks with different solutions were placed in the same 
water-bath, and a stream of ammonia was passed into 
them for two hours. The results showed that solubility 
decreased as the potash increased, and decreased in propor- 
tion to the quantity of potash present. The table shows 
some of the results ; the numbers in the last column are 
calculated from those in the second and third columns, 
assuming the proportionality between quantity of potash 
and quantity of gas absorbed : — 



Temp. 


Water 


Solution with 
11-25 per cent K,0 


Solution with 
S6*26 per cent K.0 


8 
16 
24 


90-0 
72-76 
59-75 
49*6 


720 
670 
46-0 
37-25 


49-6 49-68 
37-6 37-47 
28-6 28-95 
21-75 22-06 



Further experiments gave similar results; the agree- 
ment between the quantities of gas absorbed and potash 
present was maintained up to 80 per cent, potash 
(KOH -h TH^O) ; after that point more gas was absorbed 
than the proportionality demanded. Experiments with 
soda gave quite similar results : potash and soda solutions of 
equal concentrations absorbed equal quantities of ammonia. 
Sohitions of ammonium chloride absorbed slightly less' 
ammonia than equal volumes of water ; these solutions 
followed the law of proportionality until they were saturated. 

> Arm, Chim,'Phy8, (5), 1, p. 262. 
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Solutions of sodium nitrate and ammonium nitrate absorbed 
exactly the same quantities of ammonia as equal volumes 
of water. At 13** and 760 mm. the following results were 
obtained : — 

100 CO. water absorbed 64*6 grams ammonia 

loo CO. 74*1 p. ot. ammoniam nitrate solntion absorbed 68*76 „ „ 

100 CO. 62*4 p. oi sodium nitrate solution absorbed . 64*26 „ „ 

On the other hand, solutions of calcium nitrate absorbed 
more ammonia than water ; in this case the law of pro- 
portionality was followed : — 



Temp. 


Water 


Solution of 28-88 p. ct. 


Solution of 69-08 p. ot. 


Observed 


Calculated 


0*> 
8 
16 


90*0 

72*76 

69*6 


96-26 

78-6 

66-0 


104-6 
84-76 
70-6 


108-0 
84-66 
70-88 



Baoult mentions that these noticeable results may be 
explained by supposing that the ammonia seizes on a portion 
of the acid, but he thinks this supposition is refuted by the 
fact that the residue obtained by evaporation was tree from 
ammonia. But this is really no evidence against the exist- 
ence of ammonium nitrate, along with lime, in the solution ; 
inasmuch as ammonia and calcium nitrate would be formed 
again on evaporation. 

Using an improvised mercury-calorimeter, Baoult found 
that the quantities of heat produced during absorption 
were nearly independent of the nature of the absorbing 
Uquid. Thus 1 gram ammonia dissolving in the following 

liquids produced the quantities of heat * noted : — 

» • 

Units of heat 

Water 492 

Caloiun nitrate solntion (S. G. 1*208) . . . .487 
Ammoniam nitrate solntion (S. G. 1*276) • • . 483 
Potash solution (S. G. 1-261) . ... . .479 

1 The ipiit of heat adopted by Ostwald is the quantity o| heat given put 
^en 1 gram o% water oools from 100^ to O^.—^Trcmalator, 
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These results are of great interest ; farther measure- 
ments were promised by Baoult, but none have yet been 
published. 

11. Salt^olntions. — Investigations similar to those made 
by Baoult were published, a few years later, by Setschenoff,^ 
and also by Mackenzie.^ Mackenzie confined himself to 
establishing certain empirical relations. Setschenoff went 
much more deeply into the nature of the phenomena. He 
recognised the existence of two classes of salts: those 
which absorb a part of the carbon dioxide independently of 
Henry's law, e.g. sodium carbonate, disodium phosphate, 
borax, &c. ; and those which exert no definite chemical 
action on the carbon dioxide, e.g. nitrates, chlorides, and 
sulphates. If the absorption-coefficients are regarded as 
functions of the concentration, and these coefficients are 
represented as the ordinates of a curve, the abscissae of 
which are formed by the concentrations, then salts of the 
first kind show a rise of absorption-coefficient with rise of 
quantity of salt, following on the combination of carbon 
dioxide in proportion to the quantity of salt, whereas salts 
of the second kind show a fall in the curve, inasmuch as 
more concentrated salt solutions absorb less carbon dioxide 
than those of less concentration. The two classes of salts 
cannot be very decidedly marked off from one another. 
The order for salts of sodium is given by Setschenoff 
thus : — 

Sodium carbonate . . Na, GO, 

Borax NasB^O, 

Disodinm phosphate . Na, H P O4 
Sodium acetate . . . Na C, H, 0, 
Sodium citrate . . . Na, G,, H^ 0, 

The division of the classes occurs at sodium oxalate. 
There is another difference to be noted : in the first group 
the quantity of carbon dioxide chemically held, not in 
obedience to the law of Henry, is equivalent to the quantity 
of salt (this was noticed by Fernet) ; in the other salts there 



Sodium oxalate • . 


» . Na^GjO^ 


Sodium lactate . , 


> . NaG,HsO, 


Sodium nitrate . 


, . NaNO, 


Sodium chloride . 


. . NaGl 


Sodium sulphate . < 


. Na, SO, 



> Mem. Akad. Petenb. 88, No. 6 [1875]. * Wted, Afm. 1, p. 438 [1876]. 
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is no proportionality of this kind, the amount of carbon 
dioxide held chemically is smaller, and increases in propor- 
tion to the quantity of salt, if the solution is dilute. The 
phenomenon is certainly conditioned by the chemical 
affinity between carbonic acid and sodium, and is modified 
by the greater or less stability of the salts. The further 
discussion of the matter does not belong to the present 
subject ; it is only necessary to remark here that the mag- 
nitudes of the absorptions by salts of the first kind appear 
as the sums of two actions, one of which is chemical and 
one is simple absorption. In the second class of salts, 
chemical absorption disappears, and the dissolved carbon 
dioxide follows the law of Henry. Traces of chemical 
absorption occur in the salts placed at the top of the list 
of this class. The absorption-coefficients decrease with in- 
creasing concentration. Setschenoff found that solutions 
of equivalent quantities of similar salts of the same acid 
absorbed equal quantities of carbon dioxide, and were 
therefore ' absorptiometrically equivalent.' For instance, 
different solutions of magnesium sulphate and zinc sulphate 
showed the following absorption-coefficients : — 



Magnesium sulphate 
Zino sulphate 


• 1 


. •713 -587 
. -716 -693 


•523 
•522 




The following values 


were 


also obtained : — 






Barium nitrate 
Calcium nitrate 
Strontium nitrate . 
Barium chloride • 


•922 
•923 
•916 
•894 


strontium chloride 
Sodium sulphate • 
Copper sulphate . 


• • 

• • 


•892 
•670 
•672 



Setschenoff thinks that the efitect exerted by these salts, 
and salts like these, on the absorption of carbon dioxide, 
is to be traced to the decomposition of the salts by the 
water ; but if this is so, no answer is found to the question 
why the amount of absorption is smaller than corresponds 
with the water present in the absorbing volume of the solu- 
tion. It is to be wished that experiments were made with 
a gas which would exert no chemical action on the salt in 
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solution ; nitric oxide might be uaedy as the quantities of 
the gas absorbed are nearly the same as those of carbon 
dioxide. More recently, Setschenoff^ has considerably 
widened his investigations, and has brought them to a 
conclusion for the time. It is shown that the absorption - 
coefficients of salt-solutions are smaller than those of water, 
and that the absorption follows Dalton's law. The con- 
nexion between the quantity of salt, x, and the absorption - 
coefficient, y, is thus expressed by Setsi^henoff— 

Jfc 

X 

where a = absorption-coefficient for water, e = basis of the 
natural log£U*ithms, A; = a constant dependent on the nature 
of the dissolved salt. 

This formula does not represent the absorption-co- 
efficients quite accurately: there are small deviations, 
which Setschenoflf refers to secondary influences. Con- 
clusions may be drawn from these phenomena regarding 
the nature of salt-solutions ; but this is not the place to 
discuss these conclusions. One empirical result is note- 
worthy, viz. that solutions containing equivalent quantities 
of similar salts have nearly equal absorption-coefficients. 
This statement cannot be appUed at- present to all salts. 
The statement that if salts of the same metal with different 
acids are arranged in order of the absorption-coefficients of 
their equivalent solutions, this order is the same whatever 
be the metal, holds good in all cases ; do also, all salts of 
the same acid, with different metals, foUpw the same order, 
whatever be the acid. The influence of the salt on the 
absorption is, thus, truly an additive property.^ Some other 

^ NotM). M^}u de la Soc, dea Natwal. Moscou, 15, Livr. 6 [1889] ; abstract 
in Zeitschr. /. ph/ysikal, Chemie, 4, p. 117 [1889]. 

' The author distinguishes additive, constitutive, and colligative, properties. 
Additive properties are those which are the sums of the properties of the 
constituents ; these properties are not affected by the chemical combination 
of the constituents of a substance. The mass of a compound, for instance, 
is a purely additive property. Few properties are entirely additive. 
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investigations have been made into the absorption of gases 
by salt-solutions, bat no results of general applicability 
have been obtained. Buchanan ' measured the solubiUty 
of carbon dioxide in solutions of calcium and magnesium 
sulphates; varyir^ results were found according as the 
solutions were freshly prepared or were allowed to remain 
saturated with the gas for some days. The investigations 
of Eumpf^ and of Goodwin^ have not led to any far- 
reaching conclusions. The whole problem will approach 
solution when the behaviour towards salt-solutions of gases 
which exert no chemical action on the solutions is studied 
carefully and exhaustively. 

12. Solutions in mixed liquids. — From a series of ex- 
periments on the absorption of carbon dioxide in sulphuric 
acid, Setschenoff ^ drew the noteworthy conclusion that the 
absorption-coefficient of pure sulphuric acid is the same as 
that of water, and that the coefficient of the acid rapidly 
decreases on adding water. A minimum value is found for 
the acid approximately of the composition H2SO4, H,0 ; the 
absorption then increases on addition of water. The values 
were as follow : — 

H2SO4 +ftH,0 +i^0 +H,0 +2H,0 4-58H,0 
•923 -862 -719 -666 -706 -857 

Setschenoff seeks for an explanation in the fact that the 
absorption of the carbon dioxide and the hydration of the 

Properties which are dependent on the arrangement of the constituents of a 
sabstanoe, or on its constitution, are called constitutive ; the boiling-point 
of a chemical compound is partly an additive, partly a constitutive, 
property ; the optical activity of a compound is a constitutive property. 
A third group of properties, the connexion of which with the nature of this 
or that substance is neither of an additive nor a constitutive character, are 
called coUigative : these properties have equal values for chemically com- 
parable quantities of the most different substances. The volume occupied 
by a homogeneous substance in the gaseous state is a colligative property ; 
chemically comparable quantities of the most different gaseous substances 
have equal volumes. — Translator. 

» Proc. R. S. 22, pp. 192, 488 [1874]. 

< Dissertatum, Graz, 1881 ; abstract in Beiblatter for 1882, p. 276. 

« Berichte, 15, p. 8039 [1882]. 

* M^. Akad, Petersb. 82, p. 102 [1876]. 
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sulphuric acid proceed equally. 0. Miiller^ made very 
similar observations with mixtures of water and alcohol. 
The addition of alcohol to water causes a decrease in the 
absorptive power of the liquid, although alcohol has a much 
larger absorption-coefficient than water; a minimum is 
reached on adding more alcohol, and the absorption then 
increases until it reaches the value for pure alcohol. The 
minimum is situated at about 30 per cent, alcohol by 
weight ; the experiments were not accurate enough to fix 
the minimum with certainty. 0. Lubarsch ^ found very 
similar results in studying the absorption of oxygen, hydro- 
gen, and carbon monoxide, by aqueous alcohol ; at about 
30 per cent, each absorption-coefficient reached a minimum. 
These facts show in a marked way the great influence which 
is exerted on the value of an absorption-coefficient by the 
nature of the liquid. 

18. Volune-changes of the liquid during the absorption of 
gases. — The earliest accurate measurements of the changes 
of volume and specific gravity which liquids undergo, when 
they absorb gases, were made in the last quarter of the 
eighteenth century by Bergmann.' In the early years of 
the present century, Thomson found that 1 volume water, 
on saturation with ammonia, becomes 1*666 vols., and be- 
comes 1*5 vols, on saturation with hydrochloric acid, 1*04 
vols, with sulphur dioxide, and 1*002 vols, with chlorine. 
Nothing more was done until 1868, when Deicke ^ examined 
the change of volume which accompanies the absorption 
of hydrochloric acid by water. Deicke's memoir has no 
general interest ; the numbers he found were smaller than 
those of Thomson; the volume-change accompanying 
saturation was 48*7 per cent, of the water employed at 0**, and 
42*8 per cent, at 28^ Mackenzie and Nichols ^ conducted 
experiments on the changes of volume which water under- 
goes when it absorbs a gas, such as carbon dioxide, which 

> Wied. Ann, 87, p. 24 [1889]. ^ Ibid, 87, p. 624 [1889]. 

« Opusc. 1, p. 9. * Pogg. 119, p. 156 [1863]. 

» Wied, Ann, 8, p. 134 [1878]. 
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is only slightly soluble. The apparatus consisted of a flask 
completely filled with water, and having a smaller flask at- 
tached by a tube fitted with a stopcock. The smaller flask 
was weighed before the absorption began, and again at the 
close of the experiment ; the increase in weight gave the 
increase in volume of the water (the smaller flask was fur- 
nished with a calcium chloride tube, to prevent loss of water- 
vapour). It appeared that the expansion of the water, 
consequent on saturation with carbon dioxide, was propor- 
tional to the absorption-coefficient — in other words, was pro- 
portional to the quantity of gas ; the expansion amounted 
to *002144 of the total volume at 2"", and to -00101 at 82'' ; 
the expansion diminished (like the absorption-coefficient) 
as temperature increased. The absorption-coefficient was 
1*002 at 1 5% the expansion was *001878. If this is calculated 
as entirely due to the carbon dioxide, the specific gravity of 
this compound becomes about 1*487 (as 1*002 litres C 0, = 
1*987 millgm.) ; this number is more probably too large than 
too small. 

E. Angstrom extended the measurements to a greater 
number of gases.^ He used a large dilatometer connected 
with the lower part of the vessel in which the absorption 
proceeded, and bent so as to be parallel with this vessel. 
The dilatometer was filled with water and mercury; by 
warming and cooling, a measured quantity of gas was 
brought into the vessel ,* after absorption and establishment 
of the original temperature (0^, the increase in volume was 
read off directly on the dilatometer-tube. The results 
obtained showed that the increase in volume attending suc- 
cessive additions of gas was proportional to the quantity of 
the gas ; the same result had been arrived at previously by 
Nichols and Mackenzie for carbon dioxide, and by Nichols 
and Wheeler ^ for ammonia. The gases examined by Ang- 
strom were air, oxygen, hydrogen, carbon monoxide and 
dioxide. The smallness of the differences between the 
increases in a specified volume of water, when it absorbs 

> Wied. Ann, 16, p. 297 [1882]. ^ Phil. Mag. (5), 11, p. 118 [1881]. 

D 



Oxygen 


. -OOllS 


Hydrogen . 


. 00106 


Carbon dioxide . 


. -00125 
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different ^ases, is noteworthy. The following numbers are 
given by Angstrom ; they represent the relative increments 
of volume following the absorption by the liquid of a 
volume of gas equal to its own volume :— 

Nitrogen .... *00145 

Air -00140 

Carbon monoxide . . *00127 

The corresponding values for a very soluble gas approach 
these numbers, but all of them are somewhat smaller. 
From these results it would follow that the specific gravity 
of the absorbed gas is nearly proportional to its specific 
gravity in the free state. 

Angstrom traces a connexion between the compressi- 
bility of the gas and the increase in volume of the solvent ; 
the less compressible gases produce greater volume-incre- 
ments. As the pressures which correspond with the 
decrease in volume of the gases consequent on absorption 
amount to from 2,000 to 3,000 atmospheres, only a portion 
of Natterer's measurements are available in these cases. 
The relation in question can be shown at present only 
approximately. The examination of the relation of these 
results to the molecular volume of the gas (b in the equa- 
tion of van der Waals, see p. 7) is of great interest. A 
comparison with the value calculated by the formula of 
van der Waals (p. 7), or a corresponding formula given 
by Glausius, shows certain analogies and also differences. 
I give the values : S = expansion on absorption : — 

a b 

Oxygen .... •OOllS -00089 

Nitrogen . . . -00146 -001369 

Hydrogen . . -00106 -000887 

Carbon dioxide . . '00126 -000866 

o 

At a later time Angstrom examined the absorption 
by liquids other than water.* The following table gives 
the results in the same form as was used in stating the 
results for water (see above) : — • 

' TFt^. iinn. 88, p. 228 [1888]. 



SOLUTIONS OF GASES IN LIQUIDS 



35 





Carbon dioxide 


Air 


Hydrogen 


Chloroform . 

Nitrobenzene 

Water .... 

Benzene 

Methyl alcohol 

Ethyl alcohol 

Ether .... 


•00188 
•00168 
•00130 
•00200 
•00184 
•00186 
•00200 


•00206 

•00143 
•00216 
•00201 
•00203 
•00240 


•00160 

•00106 
•00170 
•00167 
•00162 
•00182 



The numbers in the three columns are nearly propor- 
tional, so that the volume-increments caused by the three 
gases in the different liquids are in the same ratio, and 
this is independent of the nature of the liquids. In these 
cases also, as in that of water, the smallness of the differ- 
ences for the same liquid are noteworthy. 

It is well known that aqueous solutions of the easily 
absorbed gas, hydrogen chloride, bromide, iodide, &c., 
show contraction of volume on dilution with water ; in 
these cases the expansion attendant on absorption cannot 
be proportional to the quantity of gas absorbed, but must 
increase more slowly than the latter. 
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CHAPTEE III 

SOLUTIONS OF LIQUIDS IN LIQUIDS 

1. Oeneralitieg. — In contradistinction to gases, each of 
which can mix with every other to form an externally 
homogeneous whole, liquids show remarkable differences 
in their behaviour to one another, and these differences are 
dependent upon the nature of the liquids. Pairs of liquids 
may be divided into three classes. Those in the first class 
behave in the same way as gases ; the solubiUty of one in 
the other is unlimited, and the liquids form homogeneous 
mixtures in all proportions : water and alcohol, chloroform 
and carbon disulphide, are examples of such liquids. 
Those in the second class dissolve one another, but not in 
all proportions. For instance, ether dissolves in water; 
but when more than one part ether is added to ten parts 
water, the excess of ether remains separate from, and 
insoluble in, the aqueous liquid. Similarly, ether dissolves 
about 3 per cent, of water ; there is a limit which cannot 
be passed by adding larger quantities of water. A solution 
of a little ether in water behaves towards other liquids like 
water; a solution of water in ether shows the general 
properties of ether. Those pairs of liquids which are 
placed in the third class exert no mutual solvent action. 
There are very few combinations of liquids which belong 
strictly to this category. All those liquids must be excepted 
which show an appreciable vapour-pressure at the temper- 
ature of experiment. For, inasmuch as, speaking generally, 
all gases are soluble in liquids, a similar behaviour must 
be predicated of all vapours, from which follows the power 
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of one liquid to dissolve the. vapour of another liquid. 
But a solution of the vapour is not to be distinguished 
from a solution of the liquid itself. The fact that water, 
which does not mix with volatile oils, acquires the smell of 
these oils when shaken with them, shows that the water 
dissolves some part, although it may be a very small part, 
of the oil. The division between the second and third 
classes varies, and is dependent to some extent on the 
fineness of the methods of analysis. In the same way, 
the division between the first and second classes is not 
fixed, but is dependent on the temperature. Liquids which 
are partially soluble at a specified temperature are some- 
times wholly miscible at other temperatures. 

2. Solntions of the first kind. — The properties of a mix- 
ture of liquids, speaking generally, are not thos*e which the 
mixture would possess, did each constituent exert an influ- 
ence proportional to its quantity. For instance, the volume 
of a mixture of hquids is not the sum of the volumes of 
the constituents, but is generally smaller than the sum ; 
similarly with the optical, thermal, and other properties. 
To iUustrate these points, I append a series of numbers, 
determined by Dupre, for a mixture of methyl alcohol 
and water * : — 



Fercoitage 


Spec. heat. 


Capillarity. 


Sp. gravity at 10*>. 


Compressibility. 


of Alcohol 


DUE. 


Difl. 


Diff. 


Diff. 


10 


+ 0276 


-•264 


+ 0087 


-0000113 


20 


•0426 


•294 


•0186 


194 


80 


•0616 


•296 


•0266 


276 


40 • 


•0689 


•271 


•0312 


298 


50 


•0648 


•236 


•0326 


360 


60 


•0618 


•178 


•0313 


349 


70 


•0467 


•133 


•0276 


342 


80 


•0884 


•087 


•0208 


267 


90 


•0129 


•043 

1 


•0114 


141 



The numbers under Diff. represent the differences 
between the observed values and those calculated on the 
assumption that each constituent influences the properties 

» Proc. R. 8. 20, p. 386 [1872]. 
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in proportion to its quantity. The values for pure water 
are taken as unity, except in the last column, where the 
ordinary compression-coefficients are used. No regularity 
has yet been discovered in the deviations. Certain combi- 
nations of liquids, especially those of alcohol and water, 
have been examined very carefully without the discovery 
of any law expressing the influence of the quantity of either 
constituent on the properties of the mixture. The phe- 
nomena are extremely complicated; in some cases the 
direction of the deviations from, the calculated mean is 
dependent in a marked way on the temperature. 

Instructive examples of the behaviour of these mutual 
solutions of liquids are to be found in the researches of 
Bussy and Buignet.^ Water, alcohol, ether, acetic acid, 
carbon disulphide, chloroform, and turpentine were ex- 
amined ; no pair of these liquids mixed without change of 
temperature. The temperature-changes were sometimes 
positive, sometimes negative ; even with the same pair of 
liquids the change of temperature in some cases changed its 
sign. The numbers given in the memoir represent differences 
of temperature only, hence comparisons cannot be made 
between the quantities of heat produced; but it may be 
noted that the greatest lowering of temperature- (5*6**) 
occurred on mixing equal volumes of alcohol and carbon 
disulphide, and the greatest rise (14*4"^ occurred with ether 
and chloroform, while ether and turpentine mixed with 
scarcely appreciable change of temperature. Six equivalents 
of chloroform mixed with one equivalent of alcohol with a 
fall of temperature =2*5°; when the proportions were 
1^ : 1 equiv. no change of temperature occurred ; and the 
mixture of 1 equiv. chloroform with 4 equivs. alcohol was 
attended with a rise of temperature =4'65**. 

Changes of volume occur along with changes of tem- 
perature; these are sometimes positive and sometimes 
negative, i.e. the substances sometimes expand and some- 
times contract. The volume of the mixture is generally 

» Awn. Chim, Phys. (4), 4, p. 6 [1866]. 
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smaller than the sum of the volumes of the constituents ; 
in a few cases there is an increase of volume, e.g. in mixing 
alcohol with carbon disulphide, or chloroform with carbon 
disulphide. It cannot be affirmed that there is an ascer- 
tainable connexion between the thermal change and the 
change of volume, inasmuch as there are mixtures which 
contract and produce heat, and there are also mixtures 
which contract and at the same time become colder. F. 
Guthrie ^ examined many cases ; no generalisation could be 
deduced. 

One can only guess as to the causes of these phenomena, 
and as to the ways in which the molecules of liquids act on 
one another when solution occurs. It is evidently a condi- I ^ 
tion of miscibiUty that the work required to break through 
the common separating surface should be less than the i 
mean kinetic energy of the molecules of the liquids ; when 
this is so, the separating surface must disappear. There ' 
appear to be forces of attraction between the heterogeneous 
molecules ; but of the nature and magnitude of these forces 
nothing is known. 

8. SolutionB of the second kind. — The number of those 
liquids which are miscible only within definite Umits is 
much greater than that of those which mix in all propor- 
tions. The process is always reciprocal: a liquid which 
can dissolve another partially, is also always taken up, 
more or less, by this other Uquid. For instance, a mixture, 
in arbitrary proportions, of water and ether is separated, 
by shaking, into two layers, the lower of which (the aqueous 
solution) contains 10 per cent, ether, while the upper (the 
ethereal solution) contains 8 per cent, water ; it is only when 
one of ihe constituents falls below these limits that a single 
layer is formed. The number of memoirs concerning such 
liquids is not great. Abascheff ^ seems to have been the 
first to carry out researches of a general kind in this direc- 
tion. 

» Pha. Mag. (6), IS, p. 495 [1884]. 

' BechercK stir, la Disaol, mut des Liguides : Moscow, 1857. 
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As this memoir is inaccessible to me, I can' state only 
what is to be found in the abstract.^ According to this 
author, liquids which are only partially miscible at low 
temperatures are sometimes completely miscible at higher 
temperatures. The numerical data do not seem to be very 
accurate (e.g. ether is said not to dissolve any water) ; I 
append a feiw, which are given for the ordinary tempera- 
ture : — 

100 vols, water dissolve 9*5 vols, ether 

„ water dissolve 9*0 vols, ethyl acetate 

„ alcohol (-829) dissolve 40 vols, turpentine 

„ alcohol (*829) dissolve 40 vols, carbon disolphide 

„ ether dissolve vols, water 

„ ethyl acetate dissolve 5 vols, water 

„ turpentine dissolve 8 vols, alcohol 

,t carbon disulphide dissolve 7 vols, alcohol. 

Abascheff found that solution was attended now with 
rise, and now with fall, of temperature. 

Another Eussian investigator, W. Alexejeflf,^ has pub- 
lished further experiments. He finds very complicated 
relations : for instance, the solubility of amyl alcohol in 
water decreases as temperature rises, but the solubility of 
water in this alcohol increases with increase of temperature : 
the solubility of butyl alcohol in ethyl acetate decreases as 
temperature increases ; but there is a minimum, after which 
the mutual solubility increases. Phenol becomes more 
soluble in water as temperature is increased ; at 80^ the 
liquids mix in all proportions. Complete miscibility is 
reached in many cases at high temperatures ; ' water 
and isobutyl alcohol mix in all proportions at 116°-123*', 
water and cresol at 118-119**, water and aniline at 114**. 
This last result is to be found in a more recent contribu- 
tion,^ where it is said that the statement holds good for all 
liquids which dissolve one another ; bromine and ether in 

' Jahr$sber, 1858, p. 52. 

< BerichU, 8, p. 265 ; 9, pp. 1442, 1810 ; 12, p. 2172 : collected together 
in Wied. Ann. 28, p. 805 [1886]. 

• Chem. CentrdlblaU, 1882, p. 763. * Ibid, 1882, p. 828. 
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water are exceptions, because these liquids vaporise before 
complete miscibility is reached. 

It is to be noted here that van der Waals deduced the 
complete miscibility of all liquids, under certain conditions, 
one of which was a sufficieittly great pressure : according to 
Alexejeff, however, pressure exerts no special effect. The 
whole phenomena remain,' as yet, in the first stage of their 
elucidation. 

It may be urged on behalf of the conclusion arrived at 
by Alexejeff that the miscibility of gases is independent of 
the nature of the gases ; and that this property seems to 
be retained at the critical points. Hence it may be sup- 
posed that when liquids approach the gaseous state by being 
heated they will also approach the condition of complete 
miscibility. The views of van der Waals are not really in 
opposition to those of Alexejeff. 

The observations which Alexejeff made with salicylic 
acid are especially interesting.^ This acid melts at 151^ ; 
when placed under boiling water it becomes liquid and 
combines with the water ; and when this liquid is heated 
with water in a sealed tube a few degrees above 106**, it 
becomes miscible with the water in all proportions ; on 
cooling, liquid hydrated acid separates from the water, and 
on standing, this acid crystallises. From all the solutions 
formed by heating above 100°, when sufficiently saturated, 
the liquid acid separates ; but the crystalline acid separates 
from solutions made at the ordinary temperature; the 
solubility of the liquid acid is therefore much greater than 
that of the crystalline acid. 

The curves of fig. 3 give a picture of the behaviour of 
partially miscible liquids. The abscisssB represent tem- 
perature ; the ordinates, percentages of the dissolved sub- 
stances in 100 parts of the solution. * Solution of water 
and phenol = a ; water and salicylic acid = h ; water and 
benzoic acid = c ; water and aniline phenolate ^ d\ water 
and aniline = e. It is seen that there are always two 

> Chem. Centralblatt, 1882, pp. 677, 763. 
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definite proportions of the substances corresponding with 
a state of equilibrium at low temperatures ; the solution 
with smaller ordinates is the solution of the substance in 
water, that with larger ordinates is the solution of water 
in the molten substance. 

The two solutions become more alike as temperature 
increases, until they are identical; from that point the 
liquids are completely miscible. The two branches of the 
curves may have different positions ; it is especially notice- 
able that, in some instances, the lowej: branch at first falls 
till it reaches a minimum, after which it rises. 




The method by which Alexejeflf determined the mutual 
solubilities of Uquids is very convenient. In place of pre- 
paring a saturated solution at a specified temperature, and 
analysing this, he placed weighed quantities of the liquids 
in a sealed tube, and, by repeatedly heating and cooling, he 
determined the temperature at which the contents of the 
tube became homogeneous. The general form of the curve 
of solubility can be ascertained by the performance of a few 
rough experiments, and then it is easy to choose proportions 
such that accurate estimations can be obtained. 

4. Evaporation of mixtores of liquids. — The three kinde 
of pairs of liquids which have been considered in reference 
to their mutual solubilities, differ also in reference to their 
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vaporisation. Liquids which do not mix do not influence 
one another in their evaporation. As shown by Magnus 
and Begnault, the vapour-pressure in these cases is equal 
to the sum of the vapour-pressures of the individual liquids 
at the temperature of experiment. The saturated vapours 
of such liquids follow Dalton*s law of partial pressures : 
neither liquid exerts any effect on the vapour of the 
other. 

The following table, from Kegnault's measurements,* 
shows the limits within which the law is applicable : — 

Mixtures of Carbon Disulphidb and Water 

Vwpofwr Pressures 



Temp. 


Water 

8-48mm. 
10-61 
16-20 
26-32 


Carbon diHolphide 


Slim 


Mixture 


Difl. 

0-9 mm. 
1-3 
1-9 
2-7 


8°85 
12^07 
18°86 
26°87 j 


189-2 mm. 
216-7 
286-2 
388-7 


197-7 mm. 
227-2 
301-4 
416-0 


196-8 mm. 
226-9 I 
299-6 
412-3 






Water and 


Benzene 






Temp. 


Water 


Benzene 


Sum 


Mixture 


Difl. 


WIO 
16^26 
19°88 
22«>63 


9-23 
12-91 
17-26 
20-30 


47-0 
60-6 
76-7 
86-0 


56-2 

73-4 

93-0 

106-3 


64-9 

72-3 

91-5 

104-3 


1-3 mm. 
1-1 1 
1-6 1 
1-6 



The sums of the separate vapour-pressures agree to 
about 1 mm. with the vapour-pressures of the mixtures ; 
the latter are always a little smaller ; this agrees with the 
fact, noticed by Begnault, that deviations of the same order 
of magnitude as these occur in the vapour-pressures of 
single liquids when vaporised in gases. 

By reason of the applicability of Dalton's law of partial 
pressures, the behaviour of non-miscible hquids on boiling 
and distilling is perfectly definite. The temperature of the 
boiling mixture is that at which the sum of the vapour- 

» Pogg. 93, p. 670 [J864]. 
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presstires of both parts is equal to the outside pressure ; 
this temperature is therefore necessarily lower than that 
at which the more volatile liquid boils. The last-mentioned 
fact does not generally become apparent by simply heating 
the mixture, beckuse it is readily prevented from boiling, 
and it bumps vigorously; also, should the more volatile 
layer be lighter than the other, it is this layer only which 
boils. On the other hand, perfectly regidar results are 
obtained by following Eundt's method of leading the vapour 
of one of the boiling liquids into the other ; ^ it does not 
matter which is used as vapour and which as liquid. The 
proportion between the quantities of the two substances in 
the vapours is conditioned by the ratio of the two vapour- 
pressures at the temperature. 

If p^ and p^ are the vapour-pressures, then the volumes 
of the two substances in the vapour are in the proportion 
^1 : j>2, afid the quantities by weight are in the ratio 
Pi ^1 ' P2 ^3> where d^ and d^ are the vapour-densities of the 
two substances ; the portions which distil over, q^ and q^, 
follow the law, q^ : q^^Pidy : p^d^. This relation was 
pointed out for the first time by Gay-Lussac ; ^ it was 
established by Wanklyn,^ but not for the case to which it is 
strictly applicable, but for a special instance of the distilla- 
tion of miscible liquids. Soon afterwards, Berthelot ^ stated 
the same relation; he also applied the statement to miscible 
liquids, but at the same time he noted that these liquids 
did not quite obey the law. Both series of experiments show 
that the more volatile liquid does not distil over first, under 
all circumstances ; if the vapour-density of the less volatile 
liquid is considerably greater, the quantity by weight of 
this liquid which distils over may be greater than that of 
the more volatile liquid, although the volume of the more 
volatile liquid in the vapour is greater. 

After Pierre and Puchot (see next paragraph) had esta- 
blished the constancy of the proportion of the liquids 

' Pogg. 140, p. 489 [1870]. ' Awn. Chim. Phy$. (2) 49, p. 396 [1832]. 

• Proc. B, 8. 12, p. 634 [1863].  Compt rend. 67, p. 430 [1863]. 



SOLUTIONS OF LIQUIDS IN LIQUIDS 45 

distilling over from two partially miscible liquids, A. 
Naumann ^ applied this result to immiscible liquids ; he also 
pointed out how the process might be used for finding 
vapour-densities. When the vapour-pressures are known, 

the relation is dj 1^2 = ^ ??. The vapour-pressure can 

Pi P% 
be calculated from the difference between the boiling-point 

of the mixture and that of one constituent, if the vapour- 
pressure of this constituent (e.g. water) is known at both 
temperatures. For instance, Naumann got the following 
results : 





u 


I. 


u. 


ni. 


Nitrobenzene 


. 99*^ 


21 


19-8 


19-4 


Eihyl benzoftte . 


. 991 


— 


15-2 


15-9 


Naphthalene 


. 98-8 


(20) 


22 


18-7 



Column I. contains the vapour-pressure determined 
directly ; column 11. contains the vapour-pressure calculated 
from the difference between the boiling-points, with the aid 
of the vapour-pressure of water ; column in. contains the 

vapour-pressure calculated by the equation d^i d^=^ i^^ 

P\ P% 
The values are not very accurate ; this is to be expected, as 

ndther does the sum of the vapour-pressures exactly equal 
the actual vapour-pressure, nor is the assumption of the 
normal value for the density of water-vapour strictly 
allowable under these conditions. 

5. Distillation of partially miscible liquids. — The laws which 
express the behaviour, on boiUng, of liquids which are not 
^miscible one with the other, hold good in part for liquids 
which are partially miscible. The constituents of the 
vapours coming from boiling partially miscible liquids bear 
a constant proportion to one another, and this propor- 
tion is independent of the proportion in the liquid, gene- 
rally speaking as long as two separate layers are maintained. 
As long as this condition is fulfilled, distillation proceeds at 
a constant temperature ; but, differently from what occurs 

» BerichU, 10, ppM421. 1819, 2014, 2099; 11, p. 83 [1877-78]. 
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with immiscible liquids, this temperature is higher than it 
would be were it dependent only on the sum of the vapour- 
pressures of the two liquids ; in other words, the actual 
vapour-pressures of such mixtures are smaller than the sums 
of the vapour-pressures of their constituents at the same 
temperature. Again, whereas the common boiling-tempera- 
ture of a mixture of two immiscible liquids is always lower 
than the boiling-point of the more volatile liquid, the 
boiling-temperature of two partially miscible liquids may be 
higher than, or the same as, or lower than, that of the 
more volatile constituent; the last case is the most common. 
The occurrence of one or other of the possible cases depends 
upon the difference between the boiling-points of the con- 
stituents of the mixture, and also on the diminution of 
vapour-pressure caused by the reaction of these constituents. 
The greater the mutual solubility of the two liquids, the 
greater may be expected to be the diminution of the 
common vapour-pressure from the sum of the vapour- 
pressures of the constituent liquids. For the specific 
vapour-pressure of a liquid is always decreased by dissolving 
a foreign substance in the liquid, The magnitude of the 
decrease depends on the molecular weight of the dissolved 
substance (this part of the subject will be considered later). 
The foregoing relations were observed and fully de- 
scribed by J. Pierre and E. Puchot/ in 1872. Experiments 
were made with mixtures of water with amyl alcohol, butyl 
alcohol, amyl valerate, butyl iodide, ethyl iodide, butyl 
butyrate, and propyl propionate. The boiling-point was 
generally below 100® ; in the case of water -f amyl valerate 
the boiling-point was 100° to 100-1°. Constant quantities of 
the two liquids always distilled over, and neither the propor- 
tion nor the temperature changed so long as both liquids were 
present in the retort. I do not give the authors' actual 
numbers ; they are only approximately correct, and they 
are not brought into connexion with other properties of the 
mixtures of liquids. 

* Ann. Chim. Phys. (4), 26, p. U5. 
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Experiments conducted by D. Konowaloflf^have thrown 
more Kght on the subject of the distillation of partially 
miscible liquids. It may be asked how the under liquid of 
the two can exert an influence on the vapour-pressure, 
as it is hermetically cut off, by the upper layer, from the 
space containing vapour. Konowalofif has shown that a 
solution of liquid b satu/rated with Uquid a at a specified 
temperature exerts the same vapour-pressure at this temperature 
as a solution of A saturated toith b. It is therefore im- 
material which liquid is the upper and which the under. 
Konowalofif has given a proof of the foregoing statement 
which is both theoretical and practical. Some of his ex- 
perimental results are given here : — 

Ether with Water Water with Ether 

Saturated Saturated 

Temp., 19*8° vapour pressure « 432*2 vapour-pressure = 430*1 

Ether, Methyl alcohol, and Water 

Ethereal solution Aqueous solution 

Temp., 15*6° vapour-pressure = 369*1 vapour-pressure = 358*5 

Ethyl alcohol. Water, a/nd Potash 

Alcoholic solution Aqueous solution 

Temp., 16*7° vapour-pressure « 32*35 vapour-pressure = 32*5 • 

The necessity of such a law as that given by Konowalofif 
can be deduced from first principles. Let fig. 4 represent a 
ring-shaped hollow space, contain- 
ing a saturated solution of water in 
ether at a, and a saturated solu- 
tion of ether in water at 6, and let 
c contain the vapour of these 
liquids ; then, if the vapour over 
a exerted a dififerent pressure, or 
were of a dififerent composition, 
from that over 5, distillation or 
diffusion would take place from ■^^**'^ 

one side to the other, and this would proceed without 
cessation, inasmuch as the liquids would continuously 

» Fttti. iln». 14, p. 219 [1881], 
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compensate one another by diffusion. We should have a 
case of perpetual motion, which is impossible. 

As regards the distillation of solutions which have be- 
come homogeneous by a large preponderance of one consti- 
tuent, it is to be noted that the vapours of such solutions 
at first contain both constituents nearly in the same pro- 
portion as in the vapour from heterogeneous mixtures ; but 
as distillation proceeds the proportion of the liquid present 
in smaller quantity in the solution rapidly falls off, and 
before long the other liquid remains more or less pure. It 
matters not whether the liquid present in large quantity is 
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Fio. 5. — ^Water and isobutyl alcohol 

lighter or heavier than the other. The proportions in ques- 
tion are best set forth by representing, as Eonowaloff has 
done, the vapour-pressure at a specified temperature as a 
function of the proportional quantity, and doing this by 
means of a curve the abscissas of which are percentage 
quantities and the ordinates are pressures. Such curves 
are given in fig. 5 for mixtures of water and isobutyl alcohol. 
As the quantity of alcohol increases, the curve quickly rises 
to a maximum, whereat it remains constant until about 90 
per cent, alcohol is present, when it falls to the pressure of 
pure alcohol. From 10 to 90 per cent, alcohol, the condi- 
tion of the vapour is independent of that of the liquid ; from 
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this follows, immediately, the constancy of the composition 
of the distillate, as observed by Pierre and Puchot. 

There is a conclusion to be drawn from the results of 
Eonowaloff which he did not himself directly state. The 
proportional quantities of the two Kquids present when one 
liquid is saturated with the other must be the same as those 
present when the curve of vapour-pressures changes from 
a straight to a curved line. The proof of this is found in 
the equality of the vapour of both saturated solutions, as 
has been pointed out already. 

6. Distillation of liquids which are misoible in all propor- 
tions. — This operation is of common occurrence in practical 
chemistry ; it is the generally employed method for separa- 
ting liquids of different boiling-points, the various distillates 
which come over at different temperatures being collected 
separately. This separation by ' fractional distillation ' 
depends on the fact that the composition of the vapour 
coming from a homogeneous mixture of Uquids differs from 
that of the residual liquid in the sense that the vapour 
contains more of the more volatile than of the less volatile 
liquid. The more volatile portion of the mixture is con- 
centrated in the distillate by condensing the vapour ; and a 
nearly complete separation of the two constituents may be. 
effected by repeating the operation. 

The common vappur-pressure of Uquids which are 
mutually soluble in all proportions does not follow the 
simple law which holds good for other mixtures, but shows 
very varying relations which depend upon the reactions of 
the liquids on one another and on the vapour. The fact 
may be emphasised at once that no noticeable action occurs 
between the vapours themselves. Bineau * found, many years 
ago, that the vapour-density of aqueous hydrochloric acid, 
containing 22 per cent, of the acid, which solution distils 
unchanged, shows that no contraction has occurred between 
the water- vapour and that of the hydrochloric acid ; the two 
gases mix like indifferent substances without combining. 

» Ann. Chim, Phya. (2) 68, p, 422 [1838]. 
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By expressing (as was done before) the vapour-pressures 
as functions of the percentage composition in the form of 
curves, the change from the typical incompletely miscible 
liquids (fig. 5) to those that are miscible in all proportions 
is made evident. 

The common vapour-pressure is never equal to the sum 
of the individual pressures ; nor need it lie between this 
sum and the higher or lower single pressure, although this 
case occurs frequently, but it may fall considerably beneath 
the value of the lower single pressure. I give the charac- 
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Fio. 6. — Water and propyl alcohol 



Fio. 7. — Water and ethyl alcohol 



teristic curves, from KonowaloiPs measurements.^ The form 
of the curve for water and propyl alcohol is still similar to 
that for water and isobutyl alcohol (tig. 5). The two 
constituents dissolve in one another in all proportions ; 
there cannot, then, be a horizontal part of the curve 
where the vapour-pressure is independent of the composi- 
tion, but the common vapour-pressure reaches a maximum 
between 70 and 80 per cent, of alcohol (fig. 6). No maxi- 
mum is reached in the case of ethyl alcohol (fig. 7) ; this 
property of reaching a maximum disappears also in the case 



> TTwji. ilnn. 14, p. 34 [1881]. 
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of methyl alcohol (fig. 8) ; and with formic acid the opposite 
extreme is reached, the curve changes its convexity, and 
reaches a minimum at about 70 per cent, of formic acid, i.e. 
the pressure of the mixture remains lower under all cir- 
cumstances than that of each constituent, and reaches 
the smallest value at a certain proportion of the consti- 
tuents. 

Conclusions regarding the behaviour of mixtures on dis- 
tillation may be drawn from the foregoing considerations. 
Mixtures belonging to the type of propyl alcohol- water —i.e. 
those the vapour-pressures of which attain a maximum — will 
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Fio. 8.— Water and methyl alcohol 



Fzo. 9.- -Water and formio add 



give off vapour at the beginning of the distillation which 
contains the constituents nearly in the proportion corre- 
sponding with the maximum vapour-pressure, while the 
composition of the residue will differ from this. By repeated 
distillation, the final state of affairs will be that a low-boil- 
ing distillate with the highest vapour-pressure will be 
obtained, while that liquid remains which was in excess 
with respect to the mixture boiling with maximum vapour- 
pressure. For instance, if a mixture of 50 per cent, propyl 
alcohol and 50 per cent, water is distilled, a distillate 
richer in propyl alcohol is obtained, and, after repeated 

b2 
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operations, a low but constant boiling mixture, with 75 per 
cent, alcohol, while water remains. Propyl alcohol of 90 
per cent, gives a distillate containing 75 per cent, alcohol, 
and leaves pure propyl alcohol in the retort. The condi- 
tions which prevail may be made plain by keeping before 
one the fact that every mixture of propyl alcohol and water 
boils at a lower temperature than either constituent alone, 
and the mixture with 75 per cent, alcohol has the lowest 
boiling-point and greatest vapour-pressure; this mixture 
must be isolated on fractionating. 

Mixtures belonging to the ethyl or methyl alcohol- water 
type suffer, generally speaking, a complete separation when 
fractionally distilled, because the boiling-points of all possible 
mixtures lie between those of the constituents. It is, how- 
ever, much easier to free water from alcohol by distillation 
than to free alcohol from water, because — and this is 
indicated by the form of the curve — a small quantity of 
alcohol in water exerts a much greater effect on the vapour- 
pressure, and, therefore, on the boiling-point, than a small 
quantity of water in alcohol. 

Finally, formic acid is a case wherein is shown the 
greatest mutual influence of the constituents ; the vapour- 
pressures of the mixture are all under, and the boiling- 
points are all above, those of the constituents, and naturally, 
therefore, a mixture results with the lowest vapour-pressure 
and the highest boiling-point. On distillation there will 
always be a tendency for this mixture to remain in the 
retort, while either water with a little formic acid (in the 
case of dilute solutions), or nearly pure formic acid, will 
distil over. In this case, a mixture in the proportion cor- 
responding to the maximum boiling-temperature cannot be 
separated by distillation; just as in the case of propyl 
alcohol, a mixture with the minimum boiling-point could not 
be separated by this means. 

7. Aqueous solutions of acids with constant boiling-points. 
— The fact that mixtures of certain liquids cannot be 
separated by distillation has been known for long ; a careful 
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investigation of some cases was conducted by Boscoe.* 
Certain aqueous solutions of acids had been regarded as 
definite hydrates,— HCl. SHjO, HNO3. SHjO* &c. ; butEoscoe 
showed that neither were the proportions of water and 
acid those required by any simple atomic formula, nor did 
the composition remain the same when pressure varied. In 
the case of nitric acid, the same residue was always 
obtained, with the maximum boiling-point, whether a more 
or a less concentrated acid was distilled ; but this residue 
contained 66*7 per cent. HNO3 if the boiling was conducted at 
75 mm. pressure, 68 per cent. HNO3 at 760mm., and 68*6 per 
cent.HNOj at 1,200 mm. pressure. Similar numbers were 
obtaiaed when a dry stream of air was passed through the 
acid at 60° and 100** ; such a process is equivalent to boiling 
at the same temperature, inasmuch as the partial pressure 
of the liquid evaporating into the air is equal to the total 
pressure under which boiling takes place at the tempera- 
ture in question. 

The same kind of phenomenon occurs with hydrochloric 
acid; ^ only in this case the quantity of acid in the residue 
decreases, as temperature and pressure increase, from 28*2 
per cent, at 50 mm., to 20*24 per cent, at 760 mm., and 
18 per cent, at 1,800 mm. pressure. Hydrobromic and 
hydriodic acids behave similarly. Hydrofluoric acid, on 
the other hand, like nitric acid, gives a residue which is 
richer in acid at high than at low temperatures. 

These cases agree in all respects with that of formic 
acid measured by Konowaloff ; the aqueous acids with con- 
stant boiling-points are mixtures, the vapour-pressure of 
each of which is at a minimum, and the boiling-point is 
at a maximum. This relation is shifted in the direction of 
greater concentration, as pressure increases in the cases of 
nitric and hydrofluoric acid ; in the cases of hydrochloric? 
hydrobromic, and hydriodic acids it is shifted in the 
opposite direction. It is possible to suppose the existence 

> Annalm, 116, p. 203 [I860]. 
* B08OO6 and Dittmar : Annalen 
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of combinations of liquids in which the minimnm vaponr- 
pressure should always occur, independently of the magni- 
tude of the pressure, at the same percentage composition ; 
such combinations would show no differences in the compo- 
sition of the residues formed at different pressures and 
different temperatures. 
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CHAPTER IV 

SOLUTIONS OF SOLIDS IN LIQUIDS^ 

1. Cteneralities. — ManysoKd bodies react with liquids so / 
that both combine to form a homogeneous liquid ; in these 
cases the solid is said to dissolve in the liquid. The quan- • 
tity of solid dissolved may vary from nothing to a certain 
limit, after which the solution has no further effect on the 
solid ; when this limit is attained the solution is said to be 
saturated. The limit depends on temperature ; when tem- 
perature is changed, either some of the dissolved solid 
separates out, or the liquid dissolves more of the solid. 
Decreasing temperature is generaUy accompanied by sepa- 
ration of some of the dissolved body ; raising temperature 
generally produces solution of more solid ; there are, how- 
ever, several exceptions to these rules. 

Solutions which are saturated at a specified temperature 
are obtained, either by agitating the liquid, at this temper- 
ature, in contact with the solid, until the latter ceases to be 
dissolved, or by dissolving more of the solid at another tem- 
perature, and then allowing the solution to remain at the 
specified temperature until separation of the solid ceases. 
As many substances dissolve so slowly that a long time must 
elapse before saturation is attained, the first method tends 
to give results which are too low. On the other hand, in- 
asmuch as solutions may contain more solid, at a given 

* This chapter is, for the most part, a translation of Chap. VIII. of Book 
v., entitled SclubUity of Solids^ of Ostwald's Lehrbuch, Prof. Ostwald has 
requested that that chapter should be made use of in the present transla- 
tion. — Translator. 
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temperature, than they would do under normal conditions, 
the second method tends to give results which are too high. 
Solutions which contain more than the normal quantity of 
solid are called supersaturated solutions. When a solid 
particle of the substance which is held in solution is 
brought into a supersaturated solution, separation of the 
dissolved solid proceeds until the normal state of saturation 
is reached. (See next paragraph.) Regarding solutions 
with the object of finding the determinate part played by 
the solid substance, we find the fundamental law to be 
similar to that which holds good for vapour-pressures. 
Equilibrium is attained, under definite conditions of 
temperature and pressure, when the concentration, or 
specific density, of the solution which is in contact with 
the solid has attained a certain value ; equilibrium does 
not depend on the relative quantities of the solid and the 
solution. 

The great analogy between solution and evaporation has 
directed the attention of many investigators to this subject. 
Before the development of van 't Hoff s theory, one had to 
be content with the general analogy, without following this 
up any farther. Since, however, the theory in question has 
familiarised us with the notion of connecting a definite pres- 
sure, viz. the osmotic pressure (see next Chapter), with a 
dissolved substance, just as a definite pressure accompanies 
every substance in the state of vapour, the comparison of 
the two phenomena has become complete, and the accurate 
application of the general formulas for vapour-pressures to 
solutions has been made possible. The development of the 
theory of van 't Hoff in this direction is due, in great 
measure, to W. Nemst,' who ascribes to a substance in 
solution a certain solution-pressure, in all respects analogous 
with vapour-pressure. 

The molecular conception which we are able to form of 
the process of solution, and of the existence of a solution- 
pressure, is connected on one side with the theory of the 

1 Zeitschr, fUr phyHkcU. Chemie, 4, p. 150 [1889]. 
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mutual solubility of liquids, and on the other side with that 
of the processes of melting. By reason of their thermal 
energy, the molecules of a solid tend to separate from one 
another ; this tendency is counteracted by the internal pres- 
sure, which acts, normal to the surface, towards the interior, 
and is existent in solids as well as in liquids. When a solid 
is brought into contact with a liquid which exerts an action 
on the molecules situated on the surface of the solid the 
internal pressure is diminished, and a number of molecules 
of the solid are removed from the surface and find themselves 
in the interior of the liquid. This process continues until 
the number of molecules passing from the liquid to the solid, 
and remaining there, is equal to the number of molecules 
leaving the surface of the solid. As the stationary equili- 
brium thus attained is conditioned, solely, by the processes 
which occur at the surfaces in contact, it is independent of 
the relative quantities of the two components. 

2. Supersaturated solntioiiB. — When the concentration 
of a homogeneous solution of a solid is brought near to the 
saturation-point, by evaporation or change of temperature, 
without the presence of any solid matter, there is, generally 
speaking, no reason why solid should separate, even if the 
quantity in solution should exceed that corresponding with 
saturation. For the establishment of saturation is related, 
solely, to the equilibrium between solid and dissolved sub- 
stance; and if the solid is not present, the cause of the 
production of this definite equilibrium is absent. It is, 
therefore, possible to prepare a solution of any soluble 
substance which shall contain more of the solid than corre- 
sponds with the conditions of equilibrium when there is no 
solid matter in contact with the solution. When such a solu- 
tion comes into contact with a minute particle of the solid, 
equilibrium is upset, and solid separates, until the quantity 
in solution corresponds with the specific solution-pressure of 
the solid. Solutions of this kind are said to be mpersatu- 
rated ; their behaviour is analogous in all respects with that 
of supercooled liquids. The conditions for the production 
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of supersatarated solutions were weU known in the eigh- 
teenth century ; they were laid down by Lowitz J The older 
memoirs are gathered together in the fifth edition of 
Gmelin's Handbook (i. 8). The more recent investigators 
are Loewel,^ Terreil,* Violette/ Gemez,* de Boisbaudran,* 
Coppet,^ Jeannel,® Dubrunfaut,® van Menschbrugge,*^ 
Eeischauer/* Baumhauer,*' Tscherbatschefif,^^ Liversidge," 
Tomlinson,'* and others. 

The general result of the investigations of these authors 
is that the only certain cause determining the cessation of 
the supersaturation of a solution is contact with a crystal 
of the dissolved substance. 

Facts which are of importance as regards the theory of 
solutions have been noticed during these investigations. 
Faraday and Ziz found that a supersaturated solution of 
Glauber's salt Na3S04. lOH^O, deposited crystals at a low 
temperature containing less than 10 molecules of water ; 
Loewel showed the crystals to be Na2S04. THgO. The 
quantity of crystals increased on further lowering the tem- 
perature, and decreased if temperature were raised ; but 
the solution always remained supersaturated with respect to 

* Nov, Comm, PetropoL xi. 271 [1794] ; dted by Frankenheim in Pogg, 
111, p. 8 [I860]. 

2 Campt. rend. 80, p. 163 ; 82, p. 907 ; 84, p. 642 ; 85, p. 219 ; 40, pp. 481, 
1169 [1850-55] ; Ann. Chim. Phys. (3) 29, p. 62. 
' Gompt. rend. 61, p. 504 [I860]. 

* Ibid. 80, pp. 831, 973 [1865] ; 76, p. 171 [1873]. 

» IHd. 59, pp, 71. 298, 847 ; 60, pp. 833, 1027 ; 68, p. 843 ; 66, p. 853 ; 76 
p. 1705 ; 76, p. 566 ; 79, pp. 912, 1332 [1864-74]. 

• Ibid. 64, p. 1249 ; 66, p. Ill ; 66, p. 497 ; 68, p. 1329 ; 76, p. 450 ; 
79, pp. 802, 1074, 1491 [1867-74] ; also Awn. Chim. Phys. (4) 9, p. 183 ; 18, 
p. 246. 

' Comp. rend. 74, p. 328 ; 76, p. 434 [1872-73] ; also Ann. Chim. Phys. 
(4) 26, p. 589. 

" Con^t. rend. 68, p. 606 ; 76, p. 486 [1860-73] ; also Ann. Chim. Phys. 
(4) 6, p. 160. 

• Campt. rend. 68, pp. 916, 1218 [1869]. »• Ibid. 76, pp. 45, 874 [1873]. 
" Anndlm, 115, p. 116 [I860]. 

>> J.filrprakt. ChemU, 104, p. 449 [1868]. 

" BeibUUter, 1873. p. 1459. »* Proc. B. 8. 20, p. 497 [1872]. 

»» Phil. Mag. (4) 40, p. 295 {1870] ; 44, p. 228 [1872] ; also Proc. B. 8. 
20, p. 41 [1871]. 



SOLUTIONS OF SOLIDS IN LIQUIDS 59 

Glauber's salt, and solidified on addition of the smallest 
fragment of this salt. This is a good example of the fact 
that the degree of saturation of a solution is dependent on 
the solid substance with which* it is in contact ; the solu- 
tion in question is saturated with regard to NagSO^. THgO, 
but supersaturated with regard to Na^SO^. lOH^O. Loewel 
gave a table showing the two orders of saturation. 

Crystals isomorphous with the dissolved substance destroy 
the condition of supersaturation. For instance, different 
hydrates of nickel sulphate, with different crystalline forms, 
separate from a supersaturated solution of this salt on 
addition of different salts of the composition MSO4. xH^O. 
Gernez ^ made use of facts of this kind to separate dextro- 
rotatory or IsBvorotatory tartrate, at pleasure, from a solu- 
tion of sodium-anmionium racemate. 

These facts all show that the state of supersaturation 
should not be regarded as abnormal. The properties of 
supersaturated solutions are by no means sharply separated 
from those of solutions which are not supersaturated. 

One of the earliest experiments on the continuity of the 
two conditions, which calls for notice, is the observation 
made by de Coppet,^ that the influence exerted on the 
freezing-point of the solvent by the dissolved salt in a super- 
saturated solution is of the same kind as that exerted by the 
salt in an unsaturated solution. We are now able to 
interpret this fact in the sense that no sudden change of the 
molecular magnitude occurs in the liquid in passing through 
the point of saturation. That the electrical conductivity 
suffers no irregular change when the point of saturation is 
passed has been shown by C. Heim,' following measurements 
made by Beetz ^ for zinc sulphate, and by F. Kohlrausch ^ 
for sodium sulphate. A similar result was obtained by 
K. Bindel,^ who determined the specific gravities, specific 

> Compt. rmd. 68, p. 843 |1867]. 

< Ann. Chim, Phys. (4) 88, p. 866 [1871]. 

» Wied, Ann. 27, p. 648 [1886], * Pogg. 117, p. 1 [1862]. 

* Wied. Ann, 6, p. 28 [1879]. • Wied. Ann. 40, p. 370 [1890]. 
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heats, and heats of solution, of supersaturated solutions 
of salts. 

All soluble substances are capable of forming super- 
saturated solutions; but some substances form these 
solutions much more readily than others. Glauber's salt, 
magnesium sulphate, alums, &c., form supersaturated solu- 
tions very readily; but it is very diflScult to produce 
supersaturated solutions of nitre or sal ammoniac. The 
' cause of these differences is unknown. Generally speaking, 
' hydrated salts readily produce supersaturated solutions, 
1 while salts which crystallise without water do not ; but 
) there are exceptions. There is certainly a connexion 
between the readiness to form these solutions and the 
readiness of salts to crystallise in large, well-formed 
crystals. The solutions are supersaturated by evaporation 
and cooling; solid separates; if the supersaturation is 
easily effected, the separation of the solid occurs at a few 
points, and large crystals are formed ; but if separation of 
solid follows sliglit supersaturation, numerous small crystals 
are formed, and time is not given for these to grow before 
diffusion produces a supersaturated solution near them. 

8. FormatioxL of crystals. — It is certain that the difference 
between the state of the smallest particles within the liquid 
in which a crystal forms itself, and the smallest particles 
within the crystal, is greater than the difference which the 
change from the liquid to the solid state of necessity implies. 
Besides the orderly arrangement of the molecules to form 
a crystalline network, combinations occur, at the moment 
of solidification, between the molecules of the dissolved 
substance, and also between these molecules and those of 
the solvent, and complex structures are thus formed, which 
did not exist, or existed only to a small extent, in the 
solution. There are numerous proofs of this. Solutions 
of a dimorphous substance which have been prepared from 
the various forms of the substance show no differences ; 
hence the act of solution must break down the special 
arrangement which conditioned the differences of form. 
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In the same way identical solutions are obtained from the 
various hydrates of a salt which crystallises in different 
forms with different quantities of water, provided the 
solutions are prepared so as to contain the same quantity 
of the anhydrous salt. Conversely, compounds of different 
forms, and different degrees of hydration, are obtained 
from certain supersaturated solutions by placing a crystal 
of the desired hydrate in the solution. The question 
whether hydrated salts exist in solutions in combination 
with their water of crystallisation is to be answered, in 
most cases, in the negative. The endeavours of many 
investigators to find proofs in favour of the existence in 
solutions of combined water of crystallisation have not led 
to results which can be received without objection ; these 
endeavours may therefore be passed over.' 

4. Inflnenoe of pressure on solubility. — In the opinion of 
Favre, pressure influences solubility only in so far as it 
brings about a rise of temperature. But K. MoUer ^ showed/ 
that change of pressure changes the solubility, independents 
of change of temperature. In the following data the number^ 
express parts of salt dissolved in 100 parts of water, at 
temperature t and pressure p (in atmospheres) : — 

Sodium Chloride 





<=0° 


90 


150 


20«» 


250 


30» 


p^ 1 

20 
40 


35-59 
35-79 
35-96 


36-72 
36-84 


35-70 
35-84 
35-87 


36-78 
35-82 


36-81 
36-99 


36-01 
36-10 






SoDiTTM Sulphate 








/=oo 


16*» 


13 


>» 1 
20 
30 
40 




4-60 

4-74 

• 




12-76 
11-88 
11-77 
11-63 





* A few pages, concerning the growth of crystals, which foUow here in 
the original are omitted. — Translator, 
« Pogg. 117, p. 386 [1862]. 
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Potassium Sulphate 






/=0o 


15-60 


16-S<» 


i>- 1 

20 
30 


7-31 
7-68 
7^69 


10-19 
10-43 


10-82 
10-54 



The solubilities of sodium chloride and potassium 
sulphate increase as pressure increases, but the solubility 
of sodium sulphate decreases with increase of pressure. The 
influence of pressure in. the case of sodium chloride is 
smaller the higher the temperature. 

Sorby^ obtained results similar to those of Moller. 
Sorby went a step farther, and connected the change of 
solubility accompanying change of pressure with the change 
of volume which occurs when the salt separates from the 
solution. If the solution of a salt is accompanied by expan- 
sion, and the separation by contraction, as happens with 
sal ammoniac, then the solubility of the salt is decreased by 
diminishing the volume by external pressure ; on the other 
hand, if solution is attended with contraction, and separation 
of salt with expansion, as is generally the case, then the 
solubility increases as pressure increases. Sorby found that 
a solution of sal ammoniac saturated at 20° lost 1*045 per 
cent, of the dissolved salt at a pressure of 164 atmospheres. 
With salts which cause contraction on solution, he obtained 
the following results : — 



Sodium chloride 
Copper sulphate 
Potassium f erricyanide 
Potassium sulphate . 
Potassium ferrocyanide 



(1) 


(2) 

97 


(8) 


(4) 




. i 13-57 


-407 


•419 


4-83 


60 


1-91 


3183 




. 1 2-51 


86 


•288 


•395 




. , 31-21 


63 


1-84 


2-914 




8-90 


66 


1-64 


2^845 





Column (1) shows the expansions exhibited by the salts 
in crystallising from their saturated solutions, the volumes 
of the crystalline salts being taken as 100 ; (2) contains the 



• Proc. R. 8. 13, p. 538 [1863]. 
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pressures, in atmospheres ; (8) gives the percentage in- 
creases of solubility (originally dissolved salt =100) at 
pressures in column (2) ; in column (4) are found the 
corresponding increases for a pressure of 100 atmospheres. 
Sorby adds a column in which is expressed the mechanical 
force produced by the crystallising of a one per cent, salt- 
solution ; as the process by which the numbers are gained 
is not clear to me, I have omitted this column. 

According to Sorby, the change of solubility by pressure 
is directly proportional to the change of volume on separa- 
tion of salt, and to the pressure, and is inversely propor- 
tional to the 'mechanical equivalent of the force of 
crystallisation ' ; so that the quantity of salt dissolved = 

S + ^ , where ^= pressure, c= volume-change on separa- 
tn 

tion of salt, and r/i is a function of the mechanical equivalent 
of the force of crystallisation. This formula has not been 
proved as yet ; it does not seem to agree, as regards influ- 
ence of pressure, with MoUer's results ; much more experi- 
mental work is required before the small differences involved 
can be determined with accuracy. The decrease in the 
solubility of sodium sulphate, noticed by Holler, is not in 
keeping with Sorby's rule, as this salt dissolves in water 
with contraction of volume. 

6. Investigations of Braun.' — The problem has recently 
been attacked by F. Braun, with the help of the dynamical 
theory of heat. I can give here only the most important 
results. The following equation holds good : — 

E (X — p V <f>) =s irjv <f>; 

where E= increase of solubility produced by unit-increase of 
pressure, X=heat of solution, j)= pressure, i/^= volume- 
change brought about by the solution of unit quantity of salt 
with volume <f>y t= absolute temperature, 77 -increase of 
solubility produced by unit increase of temperature. The 

1 This and several of the sacceeding paragraphs have been considenably 
condensed in the translation.— TrflmsZa tor. 
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quantities are all measured in absolute units. The processes 
occur with saturated, or nearly saturated, solutions. The 
equation does not assert that salts which dissolve in their own 
nearly saturated solutions with contraction always become 
more soluble at higher pressures, and vice versa, but that 
whether the change of solution shall be positive or negative 
depends in part on whether the heat of solution of the salt in 
the nearly saturated solution is positive or negative. As 
most salts dissolve with disappearance of heat, the most 
usual case is that referred to above. The constants for sal 
ammoniac are as follows : X = —84*4 cal.,^ ^='6525, 17= 
•0026, T=273, v=*356 ; measuring pressure in atmospheres, 
E becomes *000125. Solubility must therefore decrease 
with rise of pressure ; the decrease will be 1*25 percent, for 
100 atmospheres. An experiment, in which the solution 
was surrounded with snow to prevent rise of temperature, 
showed an undoubted separation of crystals of sal ammoniac ; 
a quantitative estimation was not made, because there was 
no means at hand for measuring the pressure. The con- 
stants for sodium chloride are : X = — 2 cal., <f> = '4615, 
7) = -000222, T = 273, v = — -177 ; assuming X, ^, and <f> 
to remain constant, it follows that e is equal to '000061, and 
remains nearly constant for pressures up to 500 atmospheres, 
after which it decreases, and changes its sign at 1,580 at- 
mospheres. Experiments showed an increase of solubility 
with increasing pressure, and they also pointed to a decrease 
of solubility at very great pressures. Qualitative agreements 
were observed between the calculated and the observed 
results for alum and Glauber's salt. 

i 6. Influence of temperature on solubility. — That the 
solubilities of solids in liquids are affected by temperature 

i has long been known. The first accurate investigation of 
this influence is found in a memoir by Gay-Lussac.^ In 
1848, Poggiale^ made determinations of the solubilities of 
sixteen salts for intervals of 10°, but no general conclusions 

^ Bednced to absolute units by multiplying by 41*6 x 10*. 

2 Ann. Chim, Phys. (2) 11. p. 296 [1819]. ' Ibid, (3) 8, p. 463 [1843]. 
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could be drawn from his results. Measurements were also 
conducted by AUuard/ Mulder,^ Eremers,' and others. A 
great many determinations of the influence of temperature 
on solubility have been made in recent years. An investi- 
gatiouy on the lines of that by Gay-Lussac, but using more 
delicate means for maintaining constant temperatures, has 




no 



been made by L. C. de Goppet,^ with the chlorides, bromides, 
and iodides of sodium and potassium. The general results 
are represented in graphic form in fig. 10. It is to be 
remarked that the solubilities of the six anhydrous salts are 
represented by straight lines. Either NaBr or NaBr. 2H2O 

> Compt rend, 59, p. 600 [1864]. 

' Bijdragen tot de geschiedems van het scheikundig geboonden Water. 
Botterdam, 1864. » Pogg. 97, p. 1 ; 99, p. 26 [1866]. 

* Arm, Chim. Phys, (6) 80, p. 411 [1883]. 
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can be obtained from solutions between 15° and 45°, accord- 
ing as one or other of these is in contact with the solution. 
Tilden and Shenstone^ have endeavoured to follow the 
course of the curves of solubility above 100°. By using a 
specially arranged tube of gun-metal, heavily plated with 
silver, they were able to measure solubilities up to 280°. 



190 

9^0 
M99 




^ 




X. 










r 


QrO^ 








/ 








\ 






i 


1 










1 










\ 


























\ 


^^ 


1 












JUV 

ao 

iDO 
80 
99 














/ 


























/ 
























i 
























r 


V 






















// 


/ 


\ 


/■S»l 


t"M*0 


')' 










/ 




/ 


'/ 




^ 


V 














( 


J 


/ 








\ 


<^ 


^ 


x»so 


fr 


m 


^ 


y 


^ 








^^^ 


--'^ 


■^ 


:^ 






90 













X 


c^ 






















J 


9 M 


7 « 


If Jl 


9' K 


10 u 


M 


9 U 


V M 


^ a 


99 r. 


n 9k 


m 



G9^sa^ 



Fio. 11 

Sodium sulphate showed a minimum solubility at 120°; 
above that temperature solubility slowly increased, from 
41-95 per cent, at 120°, to 46-4 per cent, at 280°. The 
solubility of calcium sulphate decreased rapidly as tempera- 
ture increased ; a minimum seemed to be attained at 240°, 

» P/tiZ. Tram, 1884, p. 23. 
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but this result was uncertain. Some of the results obtained 
by Tilden and Shenstone are represented graphically in fig. 11. 
The ordinates for calcium sulphate must be divided by 100 ; 
those for silver nitrate must be multipKed by 10. The 
results led Tilden and Shenstone to conclude that the in- 
creases in solubility (not the solubilities themselves) are of 
the same order as the melting-points of the salts examined. 
M. l^tard defines solubility, not, as is generally done, 
as parts of salt in 100 of water, but as parts of salt in 100 




psa^ 



oso^^^ so^ 



of the solution ; he says that the solubility-curves are either 
straight lines, or are made up of several straight lines con- 
nected by short curved lines.^ Etard found that the curve 
for GUSO4. 7H2O consists of three straight lines which meet 
at 55'' and 105^ ; the salt in contact with the water loses 
water at 105°, and becomes CUSO4. SHgO. Fig. 12 repre- 
sents some of ]^tard's results.^ 



» C(m:pt rend, 98. pp. 993, 1276, 1432 [1884]. 

« C<mpt rmd, 104, p. 1614 ; 106, pp. 206, 740 [1887-88]. The relationB 
between solubility and melting-points are considered by Etard in Compt 

f2 
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?• General formulation of influence of temperature on solu- 
bility. — The influence of temperature on solubiKty may 
be represented algebraically by the ordinary interpolation- 
equation l = a + bt+ct^-\'dt^ + ....; when the 
solubility-curve is made up of several parts, a corresponding 
number of equation must be found. Nordenskjold ^ sought 
for a general expression for the relation between temperature 
and solubility. As solubility generally increases with in- 
creasing temperature more rapidly than the temperature 
increases, Nordenskjold supposed the increase to be propor- 
tional to the quantity of salt, S, already in solution. Hence 
dS = S.bdt, where t = temperature, and 6 is a constant ; 
by integration, the expression log. S = a + 6 * is ob- 
tained. This equation is an approximately accurate expres- 
sion for the solubility ; by introducing a second constant an 
expression is obtained, viz. log. 8 =^ a + bt^ ct\ which 
represents the experimental results quite accurately.^ The 
expression arrived at by Nordenskjold is, however, only an. 
empirical interpolation-formula. 

8. Theory of the solubility-curves. — In seeking for the 
causes of the influence exerted by temperature on solubility,, 
one is led to consider the similarities between this pheno- 
menon and the vapour-pressures of liquids. As no rational 
expression has been found for the dependence of vapour- 
pressure on temperature, so has none been found for the. 
analogous dependence of solubility on temperature. Never- 
theless the analogy expressed by Nernst in the notion of 
* solution-pressure * may be made use of to deduce certain 
•relations of a general character. The equation frequently 

used for vapour-pressures, -J^ =-£-,may be applied to 

d T TV 

rend. 108, p. 176 [1889]. For other memoirs on 8(^abilities at different 
temperatures, see Baupenstrauch, Wien, Akad, Monatber, 6, p. 563 [1885] ; 
Miczynski, ibid, 7, p. 255 [1886] ; Sedlitzki, ibid, 8, p. 562 [1887] ; Eeppioh, 
ibid. 9, p. 589 [1888]. 

» Pogg. 186, p. 309 [1869]. 

^ The results of experiments are given in the original, and are com- 
pared with the calculated numbers. — Translator, 
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solutions ; in the original form of the equation p = pres- 
sure, T = absolute temperature, p = heat of vaporisation, 
and V = increase of volume in changing to vapour ; as 
applied to solutions, jp must be taken to represent 
osmotic pressure (see next Chapter), or concentration, 
which is nearly proportional to osmotic pressure, p is taken 
as heat of solution, and v = volume of the solution. As t 
and V are positive quantities, it follows from the formula 

that TT^ and p must have the same sign. When heat dis- 
aT '^ 

appears in the solution of a substance, as heat disappears 
during evaporation, then the pressure,^, or the concentration 
proportional thereto, increases with rising temperature ; but 
the solubility of a substance which dissolves with production 
of heat must decrease as temperature increases. This con- 
clusion has been confirmed simultaneously by Le Chatelier ^ 
and van 't HoJBf.^ On the other hand, Chacel and Parmentier ^ 
found that the solubility of calcium butyrate decreases as 
temperature rises, up to 60°, and that this salt dissolves to 
form a saturated solution with development of heat ; but 
that although calcium isobutyrate also dissolves with 
production of a little heat, yet its solubility increases 
as temperature rises, up to 80**. Le Chatelier* showed 
that the apparent discrepancy was due to experimental 
errors. 

It must be remarked here that the sign of the heat of 
solution is not to be deduced from the total heat which dis- 
appears or is produced on dissolving the salt in water to form 
a saturated solution, but rather from the quantity of heat 
which comes into play when the solution passes from the 
state of saturation at the temperature t to the state of 
saturation at the temperature t + dt; that is, if the expres- 
sion be allowed, 'the heat of solution in the saturated 
solution.' As the heat of solution, generally speaking, 

> Ctmvpt rend. 100, p. 441 [1885]. < Arch, Ni&rl. 80, p. 53 [1886]. 
» Corwpt rend. 104, p. 474 [1887]. * Ibid. 104, p. 679. 
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varies much according to the proportion between the dis- 
solved substance and the solvent, it is quite possible that 
the thermal change accompanying the . passage from pure 
water to saturated solution may have a different sign from 
that of the thernial change which accompanies the passage 
from a nearly saturated, to a completely saturated, solution. 
Such a case has been examined by Eeicher and Deventer.' 
The solubility of copper chloride was found to increase as 
temperature increased, yet the salt dissolved in much water 
with development of heat. But when a solution was satu- 
rated at 48°, was then cooled to 81°, and separation of 
copper chloride was caused by dropping in a crystal of the 
salt, a thermometer placed in the solution rose '6°, although 
the vessel continually lost heat. As the salt separated from 
a saturated solution, in this case the ' heat of solution in 
the saturated solution ' was observed ; there is, therefore, in 
this case a disappearance of heat on solution agreeing with 
the requirement of the curve of solubility. Beicher and 
Deventer further proved, immediately, that the heat of 
solution passed through zero as the quantity of water con- 
tinuously changed. 

9. Further development of the theory. — In another 
memoir,* Le Chatelier has made wider deductions from the 
formula already given. Assuming that the gaseous law 

1) t? = R T holds good in the equation 3-^ = -^, then by sub- 

d T TV 

stituting for v, we have -^ = ^~^* Differentiating for 

T, and neglecting the term multiplied by the very small 
factor — =, the equation is obtained — 



T 



d^TP _ dp /I dp 






d T* di \p 

' Zeitschr. /. physikal, Chemie, 6, p. 559 [1890]. 

* Bech, exp4r, et th4or, sv/r lea EqtiiUb. chim, [Paris, 1888], p. 188. 
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Prom the equation for -^ it follows that when the tem- 
perature is so low that the solubility is very small (the solu- 
bility may be said to be proportional to j?), then -^ must 

be very small ; the curve of solubility begins asymptotically 
to the temperature-axis. As temperature rises the direction 

of curvature depends upon the sign of ^-^. Now according 

to experiment -^^ is always negative, i.e. less of the heat 
of solution is taken up, and more is evolved, as temperature 
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rises. Both terms in the bracket have, therefore, contrary 
8ign8,and f^ decreases, passes through zero, and becomes 

negative. Corresponding to this, the solubility-curve, p, 
passes upwards convex to the axis of abscissae, then becomes 
a straight line for a moment, and then changes its curvature 
and becomes concave to the axis of the abscissae. As tem-^ 
perature increases, p continues to decrease, and passes 

through zero, and concurrently also ^^ decreases ; solu- 

cLt 

bility reaches a maximum, and then decreases. Following 
the course of ^-4^, here also there is an inflexion-point. 
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and the solubility-curve runs asymptotically to the tem- 
perature-axis. 

Figure IS represents the theoretical curve of solubility. 
The second part is arrived at by assuming that the develop- 
ment of heat on solution always increases as temperature 
increases. I do not think this assumption can be accepted 
without further inquiry, although it holds good, within 
certain limits, for certain non-volatile substances ; yet the 
second part of the curve will require alteration for certain 
other, volatile, substances, the heat of solution of which, 
whether positive or negative, approaches zero as temperature 
rises. 

10. ftuantitative comparison. — The equation ^ = ^=-^ 

or v^ = -^ iJ^ay also be written in the form -7-^= -^ 

. where I -=- the natural logarithm ; this form of the equation 
is better suited for numerical calculations. If the concen- 
trations of a saturated solution are determined at two tem- 
peratures, not too far apart, then the difference between their 
natural logarithms, or the logarithm of their ratio,^ is taken 
for dl'p^ and the corresponding temperature-difference 
enters the equation as eZ t ; t is the mean temperature of 
experiment, and b is equal to 2 cals. in thermal measure, in 
which measure p also is expressed. The data are thus 
given for calculating /:>, the heat of solution, from the solu- 
bility-curve. It is to be noted that the constants b have 
not their usual values in solutions of salts, which, generally 
speaking, are electrolytes, but must be multiplied by van 't 
Hoff's factor % (see Chapter IX.). The earliest calculations 
were made by tan 't Hoff,* who gave the following table 
(the values of the calories in the two last eolomns are 
divided by 1000) :— 

> It does not matter in what units the concentrations or preBSnres an 
measured, as it is only the ratio that enters into the calculation. 
* Arch. N4erl 80, p. 55. 



SOLUTIONS OF SOLIDS IN LIQUIDS 



73 





Temperature 


SolabUlties 

1 
1 

1 


i 
1-25 


pcalca- 
lated 


pob- 
serred 


Ozalio add 


0« 


10« 


5-2 


80 


8^2 


8^6 


Potassium binozalate 





10 


2-2 


31 


1-84 


9-8 


9^6 


Sacoinic aoid . 





S'6 


2-88 


422 1 


1 


6^9 


6-7 


Balicylio acid . 


12-6 


81 


•16 


2-44 


•93 


8-4 


8^5 


Benzoic acid 


4-6 


76 


•182 


2193 


•93 


6-3 


66 


Potassium bichromate 





10 


4-6 


7-4 


236 


17-3 


170 


Amylio alcohol . 





18 


4-23 


2-99 


•93 


-31 


-28 


Aniline 


16 


55 


311 


3-58 


•83 


•6 


•1 


Phenol 


1 


45 


712 


10^2 


•84 


1-2 


21 


Baryta 





10 


1-5 


222 


2-69 


16^3 


15^2 


liime .... 


16-6 


54-4 


•129 


•103 


2^69 


-2^8 


-2^8 


Alum 





9-38 


30 


4-05 


4-45 


21^9 


20-2 


Mannite . 


17-6 


23 


'l6-8 


18-6 


•97 


4-8 


4-6 


Mercuirio chloride 


10 


50 


6-67 


11-84 


Ml 


3 


3 


Potassium chlorate . 





15-4 


33 


6-03 


1^78 


11 


10 


Boric acid . 





12 


1-95 


2-92 


111 


5-8 


6-6 


Borax 





10 


2-83 


4*65 


3-57 


27-4 


258 



These calculations are only of a provisional nature, as 
the observations on which they are based differed consider- 
ably. Nevertheless, a comparison of the last column with 
that preceding it, shows that the equation expresses the 
solubilities quantitatively as well as quaUtatively. 

It should be noted that the heats of solution can be cal- 
culated from the course of the curve of solubility, but that 
the curve itself cannot be deduced from the heats of solution, 
inasmuchasthe equation gives only the direction of the curve, 
but does not give any actual value for the solubility. If 

the equation —^ =— ^ is integrated, the result is Zp= 

aT RT* 

/-^ + const., or, if /o is regarded as independent of 
temperature, Z^ = — -^ + const. ; the integration-con- 

RT 

Btant determines the numerical value of the solubiUty, 
but this constant cannot be found by the help of the 
equation. 

The direction in which a general expression for the 
solubility as a function of the temperature is to be sought 
for, is made evident from the foregoing considerations : — 
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the heat of solution must be regarded as a function of the 
temperature, e.g. /> = />o + fit; the equation must be 
altered to correspond with this, then integrated^ and then 
compared with the experimental results. In doing this, it 
must be borne in mind that the factor i enters into the 
equation for electrolytes, and that this factor also is a 
function of the temperature. 

11. Compoimd solubility-cnrveB. — It appears from the 
preceding paragraphs that the solubility-curve of a sub- 
stance must have a regular course ; the curvature may alter 
gradually, but there can be no sudden change- of direction 
as long as the dissolving substance undergoes no change of 
state whereby its heat of solution, p, suffers sudden change. 
Experimental results, however, seem to go against this con- 
clusion. Since Gay-Lussac's measurements, it is known that 
the solubiUty-curve of sodium sulphate suddenly changes its 
direction at SS"" ; up to that point solubility increases, but 
after that point it decreases as temperature rises. It was 
supposed, formerly, that the state of the dissolved salt 
underwent a sudden change at SS"", that the salt with 
lOH^O existed in solution below this temperature, but a salt 
with less water, or the anhydrous salt, existed above this 
temperature. This supposition is not, however, borne out, 
but is rather contradicted, by the facts ; for all the proper- 
ties of a solution of sodium sulphate — such as vapour-pres- 
sure, expansion, refractive power, electric conductivity — 
change in an exactly similar way in passing through the 
temperature in question, whereas some irregularities would 
certainly be noticeable did the condition of the salt in solution 
undergo a sudden change. The only feasible supposition is 
that the condition of the undissolved salt, which modifies the 
solubility in a definite way, suffers a sudden change at 88^. 
The condition of the undissolved salt was overlooked for a 
long time ; but the circumstance is of great importance, 
for when the solution is saturated there is an equilibrium 
between the solid salt and the solution in contact therewith, 
and this equilibrium must be determined by both these 
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factors. Inasmach as no sudden change takes place in the 
solution, such a change must be sought in the solid sub- 
stance, where indeed it is found. The equilibrium of a 
saturated solution of sodium sulphate below Sd!" has refer- 
ence to ordinary Glauber's salt, Na3804. lOH^O. But at 
88^ this salt melts partially, and changes into a saturated 
solution and the anhydrous salt Na2S04. An entirely new 
curve of solubility, that of the anhydrous salt, begins at 88^. 
This curve must have a point in common with that of the 
ordinary Glauber's salt, at the temperature whereat both 
salts exist side by side ; but from this point onwards the 
curve of the anhydrous salt is quite independent of that of 
the other salt. 

In the case of Glauber's salt, we have not, therefore, to 
do with one solubility-curve, but with two curves, which are 
independent of one another to a certain temperature. The 
same thing happens in all cases where irregularities occur 
in the course of the solubility-curve ; and, conversely, irregu- 
larities are to be expected in the curves of all substances 
which undergo sudden changes in the solid form. 

12. Behaviour of thorium sulphate. — Thorium sulphate 
is a very good example of the connexion between the solu- 
bility of a salt and the composition of the undissolved 
portion of the salt. This case has been investigated by 
Bakhuis Roozeboom.^ The salt Th(S04)2. 9Kfi forms a 
stable solution at low temperatures ; the solubility increases 
with increasing temperature; the curve abg of fig. 14 
represents this connexion ; it can be followed to about 55°. 
At higher temperatures a flocculent salt, Th (804)2. 4H2O, 
separates ; this salt dissolves in water with production of 
heat ; the solubility-curve of this salt from 18° to 95° is re- 
presented by B D in fig. 14. The two curves intersect at 
48° ; at this temperature both hydrates exist together. Two 
saturated solutions of thorium sulphate, then, exist between 
18° and 55° ; one has reference to the salt with QHgO, the 
other to the salt with 4H2O. The first changes into the 

* Zeitschr. f. physikcd. Chmie, 6, p. 198 [1890]. 
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second between 43° and 55^ with separation of the salt 
with 4Mfi ; the second changes into the first between 18** 
and 43°, with separation of the salt with QH^O. Both these 
changes do not take place necessarily; they occur the 
more readily the farther temperature is removed from 43°, 
which is the point of equihbrium. It is very noteworthy 
that the salt Th(S04)2. QH^O can exist in contact with 
the solution, although the conditions are present for at 




Fza. 14 

least a partial melting to form a saturated solution 
[which contains about 700HjO for one Th(S04)2], and at 
the same time to produce the salt with 4H2O. There are 
many other solubility-curves besides the two which have 
been described. The curve for the anhydrous salt could 
not be determined, as the salt with QH^O separated 
very easily from the solution. The curve fg repre- 
sents the solubility of the salt Th(S04)j. BHjO ; this curve 
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was followed to 60^ Another salt with BHjO was obtained; 
the solubility-curve is represented by h k. Finally there is 
a salt with 2H2O, which separates from the solution at 
about lOO"". Thorium sulphate differs from most other 
salts in the remarkable stability of its hydrates; this 
stability made it possible to trace the different curves 
separately. It must be remembered that all the solutions 
are supersaturated, below 48'' as regards the salt with QH^O, 
and above 48° as regards the salt with 4H2O ; crystaUisation 
can always be determined by throwing in a small quantity 
of one or other of these salts. The solutions are extremely 
stable in the neighbourhood of the point of equihbrium.* 

18. InfluencQ of melting pn solubility. — Gay-Lussac was 
the first to examine the effect on the solubility of a sub- [ 
stance produced by the change from the solid to the liquid ; 
state.2 He failed to detect any sudden increase of solubility, j 
This result may be shown to be necessary. The solid and ' 
the liquid substance can coexist in any proportion at the 
meltiug-point ; if we sut)pose each to be in equilibrium 
with its 0^ saturated solution, the contents of the two 
solutions must be equal ; for if this is not so, diffusion will 
take place until equality results ; and hence, at a constant 
temperature, increase of one portion will occur at the cost 
of the other, wijth an accompanying spontaneous formation 
of differences of temperature in a system which was origin- 
ally all at th^ same temperature ; but this is against the 
second law of thermo-dynamics. The reasoning is the 
same as that which is' used ' to show the necessity for an 
equal vapour-pressure over a solid and a liquid substance. 
The analogy between solution and evaporation may be 
carried farther. It is known that the curves of vapour- 
pressure of a solid and a liquid substance must meet at an 
angle the magnitude of which is determined by the heat of 

> Bakhuis Boozebpom has made a very thorough and careful examina- 
tion of the hydrates of calcimn chloride, similar to that described for 
thorium sulphate.— Bee. Trav, Pays-Bos, 8, p. 1 [1989J; abstract in 
Zeitschr. f. physikal ChemU, 4, 31 [1889]. 

« Arm, Chm. Phys. (2) 70, p. 423 [1839]. 
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fasion. From this it follows that, if the solubilities of the 
solid and liquid portions of a substance must be the same 
at the melting-point, the solubility-curves must meet at 
an angle which is dependent on the heat of fusion. This 
conclusion has been tested and confirmed by J. Walker.^ 

From the equation -r^ = -^, using the equation for 

aT Tt? 

gases ^ t? = B T, which holds good also for solutions, there is 
deduced the equation — ^ "~ — ^—^ d t ; and by integration 

we have 

This equation holds for solid substances. A similar equation 
is valid for melted substances, only the heat of solution 
must be increased by the heat of fusion, \. The equation 
becomes 

B \ " R Tq / 

The values of Tip are represented as ordinates in a system of 
co-ordinates, and the values of t as abscissss. If Z p^ + — ^ = a, 

BTo 

and Ipa + ^ = a' ; then X = b t^ (a' —a). Taking 

BTq 

X as molecular heat of fusion, b = 2 cal., and the equation 

becomes 

X = 2To(a'— a>. 

Values are found for a and a' by experiment; and the 
value of X is calculated therefrom. 

Walker carried out an investigation with para-toluidine 
dissolved in water ; the melting-point of the substance 
under water was 44-2°. Fig. 15 represents the results. The 
value for X calculated from these results is 4,761, or 44*5 
cal. per gram. The directly observed number is 89 cal. 

> Zeitschr, /. physikal Chemiet 6, p. 192 [1890]. 
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per gram. The difference is certainly not a small one ; but 
a small error in determining the course of the curves has a 
great influence on the value of X, because of the smallness 
of the angle between the two curves of solubiHty. The 
calculation is only approximate, as no attention was paid 
to the circumstance that liquid toluidine retains water under 
its saturated solution, and this taking up of water is accom- 
panied by some thermal reaction. 

A second series of measurements of water ia ethereal 
solution gave a remarkable result. The heat of fusion of 



^909 




water was calculated to be 154 cal., whereas it is known to 
be 80 cal. The larger number was obtained by supposiag 
that the molecular weight of water dissolved in ether is 
18 ; if it is supposed that the molecule of water in solution 
in the ether is represented by the formula H4O2 = 86, the 
heat of fusion becomes 77 cal., which is as near as can be 
expected to the true value, 80 cal. This result agrees with 
that obtained by Eykman (see Chap. VIII. par. 13). 

14. Influence of the nature of the solvent and of the dis- 
solved substance. — No satisfactory answer has yet been 
found to the inquiry concerning the dependence of solubility 
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on the chemical nature of the dissolved substance, as well 
as on the nature of the solvent. 
/ It may be said, in general terms, that solubility is de- 
termined to some extent by the chemical analogies both of 
the dissolved substance and the solvent. 

Most of the compounds which belong to the water-type, 
and especially the hydroxyl compounds, dissolve more or 
less readily in water. The alcohols and organic acids, for 
instance, are generally soluble in water, the solubility 
decreasing as the quantity of carbon in the compounds 
increases. The fatty acids, as far as the fourth member of 
the series, are miscible with water in all proportions, but the 
higher members show increasingly smaller solubilities. 
The same holds for the corresponding alcohols. The 
aromatic acids and alcohols are much less soluble in water ; 
they contain, relatively, more carbon. While benzene, CgHg, 
is insoluble, phenol, CgHg. OH, dissolves in water to about 
2 per cent. ; hydroquinone and its isomerides, C6H4(0H)j, 
dissolve fairly freely ; and pyrogallol, C6H3(OH)3, dissolves 
in almost all proportions in water. Almost all alcohols 
seem to be soluble in common alcohol; and all organic 
acids, apparently without exception, are soluble in acetic 
acid. All hydrocarbons dissolve, more or less, in benzene. 
Only such general statements as the foregoing can be made 
concerning the relations imder consideration ; these rela- 
tions have scarcely been studied quantitatively. 

The solubilities of many salts in water have been 
measured ; but only a few general statements can be made ; 
quantitative laws have not yet been arrived at. The solu- 
bilities of analogous compounds of similar elements often 
vary, either directly or indirectly, as the atomic weights of 
the elements ; for instance, the solubilities of the sulphates, 
chlorides, and nitrates of barium, strontium, calcium, and 
magnesium, increase in the order given, but the solubilities 
of the hydroxides decrease : the solubilities of the chloride, 
bromide, and iodide, of potassium decrease; but those of the 
same salts of lead increase, as the atomic weight of the halogen 
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increases. Eremers ^ made numerous measurements, but he 
could not deduce any general laws. 

The reason why no exact relations have been traced 
between the nature of the dissolved substance, the nature of 
the solvent, and the solubility, is to be found in the relative 
character of the property of solubility. This property, as 
has been seen already, depends not only on the chemical 
nature of the dissolved substance, and on that of the solvent, 
but it is also conditioned by the constitution of the undis- 
solved portion of the solid in contact with the solvent. If 
the constitution of the solid should change with change of 
temperature, e.g. if the amount of the water of crystallisa- 
tion should vary, then the solubility varies also ; and the 
BolubiUty is no longer comparable with that before the 
change of constitution, nor is it comparable with that of 
other substances which may be analogous with the sub- 
stance under examination in aU other respects. 

There is also another circumstance which must be taken 
into account in consideriag aqueous solutions of salts. The 
condition of a salt ia aqueous solution is not at all like that 
of an mdifferent substance ; the properties of salt solutions 
depart very much from the simple conditions which hold 
with indifferent substances ; the molecular condition of the 
dissolved salt must be regarded as that of a more or less dis- 
sociated substance (see Chap. YII.). This dissociation is 
dependent on concentration and temperature; hence in 
dealing with solutions of salts, we have to do with very 
eomplex relations which cannot be elucidated without 
making determinations of the other properties of the 
solutions. 

15. Indifferent substances. — Much more simple relations 
are to be looked for in solutions of indifferent substances 
than in solutions of salts i such simple relations have 
been observed by Carnelley and A. Thomson.* They 
give the following rules: — the most fusible of a group 

» Pogg. 92, p. 497 ; M, pp. 87, 266 [1864-66]. 
* C. S. Joumah 58, p. 782 

a 
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of isomeric organic compounds is also the most soluble, 
and this independently of the nature of the solution ; the 
solubilities of the salts of a group of isomeric acids, as well 
as the solubilities of the acids themselves, are in the same 
order as the melting-points of the acids ; the ratio of the 
solubilities of two isomerides is nearly independent, of the 
nature of the solvent.^ Measurements of the solubilities of 
some members of homologous series of carbon acids are 
^ven by L. Henry.* 

16. Volume-relatioiis of solutioiiB. — The solution of a solid 
in a liquid is accompanied, in most cases, with contraction 
of volume ; the volume of the solution, in most cases, is 
smaller than the sum of the volumes of the solid and the 
solvent at the same temperature. The measurements made 
refer to aqueous solutions. The contraction is dependent 
on the proportion between solid and solvent, and increases 
as the quantity of solvent used increases for the same 
quantity of solid.. The increase is the less, for equal incre- 
ments of solvent, the greater is the quantity of solvent 
already present, so that the contraction approaches a 
maximum asymptotically. Michel and Krafft^ supposed 
that no contraction occurred on diluting solutions of salts ; 
this was disproved by Kremers.^ It appears, from the 
measurements of Eremers, that, in many cases, the specific 
gravities of solutions of equivalent quantities of similar salts 
are the greater, the greater the molecular weight of the 
salt. No general relation could be traced between the 
magnitude of the contractions and the composition of the 
dissolved salts.^ 

> For measurements, and for a tabular statement of the exceptions from' 
each rule, see the original memoir. 
« Compt. rend, 90, p. 1167 [1884], 
» Awn. Phys, Chim. (3) 41, p. 471 [1864]. ^ . 

* Pogg. 96, p. 110 ; 96, p. 39 [1866]. 

* For other measurements, see Sohifif, Anndlent 109, p. 326 ; 118, p. 
349 [1869-6] ; also Favre and Valson, Compt rend. 73 to 77 [1872-73]. 
A paragraph is devoted in the original to a warning against the un- 
warrantable use of interpolation-formulfle : the following sentences occur : 
' When the rational connexion between two phenomena,* which mutually con- 
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17. Solubilities of miztnres. — The phenomena shown 
by the solutions of mixtures are very complex. Kopp * was 
the first to institute systematic investigations ; he examined 
scdts which could not mutually decompose one another, and 
contained either the same metal or the same acid. For 
such pairs of salts as nitrate and sulphate of potassium, 
nitrate and chloride of potassium, sulphate and chloride of 
potassium, Eopp foimd that the quantity of each salt dis- 
solved by water from the mixture was always less than that 
which the water would have dissolved had it acted on that 
salt alone. Eopp also found that the quantities of the salts 
dissolved were not in the ratios of their individual solubilities, 
but that proportionally more of the more soluble constituent 
was dissolved. 

The behaviour of pairs of salts of the same acid was 
more regular. In these cases, the more soluble salt gene- 
rally dissolved as in pure water, but the quantity of the 
other salt which dissolved could not be calculated from its 
specific solubility. 

The subject was more fully examined by C.T.B. Karsten.^ 
Karsten distinguished three cases in the behaviour of 
saturated salt-solutions towards other salts, not taking into 
account those cases in which chemical changes occurred 
between the constituents. (I.) When the salt a is treated 
with a saturated solution of b, the salt b separates in the 
solid form, and conversely; the same final condition is 
reached in both cases, and a and b remain dissolyed in 
less quantity than they would dissolve in pure water. (II.) 

dition one another, is unknown, the relation between them may neverthe- 
less be expressed, to any degree of approximation, by a suitable, but in 
other respects arbitrary, equation. Such an equation has none of the 
properties of a natural law ; it is only an algebraic device, based on the as- 
sumption that both the phenomena in question proceed continuously, for 
aiding the calculation of the connected values for such points as are within 
the scope of the inquiry, but for which direct measurements have not been 
obtained.' 

' Annalent 84, p. 260 [1840]. For older observations, see Vauquelin, 
Arm. Chim. Phys, 18, p. 86 [1792]; Longchamp, Ibid, 9, p. 6 [1818]. 

* Abhand. der Berlin. Akad, 1841. 

G 2 
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The salt a causes the separation of solid salt from the 
saturated solution of b, but a itself dissolves to the same 
extent as it would do in pure water. Hence no separation 
of solid occurs when b is added to a saturated solution of a^ 
but a certaiix quantity of b dissolves, and this quantity is 
less than that which dissolves in pure water. In this case, 
as in the first case, identical results are obtained whether 
one starts with a saturated solution of a or of b, or 
whether one treats a mixture of both salts with so much water 
that a portion of each remains undissolved. (III.) Neither 
A nor b causes a separation of the other from its saturated 
solution, but the saturated solution of either dissolves some 
of the other salt when shaken with it. Hence the same 
solutions are not obtained by treating the two saturated 
solutions each with the other salt, but the same solution 
results when excessive quantities of both salts are treated 
with water. 

Earsten thinks that, in every case, provided both salts 
are present in excess or in sufficient quantity, the sdlution 
contains the two salts in determinate quantities which are 
independent of the proportion of the salts in the part which 
remains undissolved. Hauer,^ however, has shown that if 
one salt is added in sufficient excess it is sometimes able 
to displace the other, wholly or almost wholly, from its 
solution. This observation was made with isomorphous 
salts ; Hauer regarded isomorphism as a necessary con- 
dition. 

18. InvestigationB of Stldorff.— In 1878, Biidorff^ exa- 
mined the solubilities of mixtures of salts, with especial 
reference to the question whether a solution of definite 
contents can be obtained independently of an excess of one 
or the other salt. He found that the composition of 
saturated solutions of certain mixtures prepared by agita- 
tion, was not altered by dissolving therein an excess of 
either salt at a higher temperature, and then allowing 

> J.farprakt. ChemU, 98, p. 137; 108, p. 114 [1866-68]. 
' Pogg. 148, pp. 456, 656. 
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the solution to stand at the temperature at which it was 
made originally. Other mixtures behaved differently. The 
following pairs of salts form solutions of constant composi- 
tion ; the quantity of each salt dissolved by 100 parts of 
water, at the temperature specified, is given in the table. 
The columns headed a and h give the quantities of the salts 
Tdiich dissolve in pure water at the temperature of obser- 
vation ; generally these quantities are greater than those 
present in the solution of the two salts. 







Parts dissolved 








Expu 


Salts 


by 100 parts 
water 


Temp. 

4 


a 


h 


1 


NH,C1 + NH,N0, 


29-1 + 173-8 


19-6« 


370 


1830 


2 


KI+KCl 


133-2+ 10-4 


21-6« 


146-2 


36-2 


8 


KCl + NH,C1 


19-1+ 30-4 


22° 


36-3 


38-0 


4 


KCl + NaCl 


16-7+ 29-9 


18-80 


34-3 


360 


5 


NaCl + NH^Cl 


23-9+ 22-9 


18-7° 


36-4 


220 


6 


NaNO,+NH,NO, 


77-1 + 162-9 


16*» 


84-7 


106-0 


7 


KN0,+ KC1 


19-1+ 36-2 


20** 






8 


NaNO,-fNaCl 


66-8+ 24-6 


20* 






9 


(NHJjSO^+NH^Cl 


46-5+ 26-8 


21-6<> 






10 


KNO, + Pb(NOJ, 


67-1 + 119-6 


21-2° 


32-6 


63-3 


11 


NH.Cl + BaClj 


33-8-*- 11-6 


20° 


37-2 


36-7 


12 


Na2S04 + CuS04 


16-9+ 20-7 


16° 


18*4 


20-6 


13 


NaCl + CuCla 


16-0+ 72-6 


16° 







Either of the salts in any one of the following pairs of 
salts causes separation of the other salt from its solution : — 



KNO, and NH^NO, 
Ba(KO,), .. Pb(NOJ, 
Sr(NO,), „ Pb(NO,), 
NH4CI „ CuCl, 



(NHJjSO^ and CuSO^ 
KjSO^ „ CUSO4 

(NH,),S04 .. ZnSO^ 
CUSO4 „ FeS04 

MgSO^ „ ZnSO^ 



It is, therefore, not only isomorphous salts, as Hauer sup- 
posed, but also those which form double compounds, that 
mutually drive out one another &om solutions.^ 

19« General coiudderation of the common solnbility of 
several sabfltanoes. — The analogy between solution and eva- 

> For more recent researches by Biidorff, on the same lines and with 
similar results, v. Wied. Ann, 86, p. 626 [1886] ; v. also Engel, Compt rend. 
102, p. 113 [1886]. 
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t>oration helps us to gain a clearer insight into the conditions 
which regulate the simultaneous solution of several sub- 
stances. Three cases have been distinguished in the eva- 
poration of mixed Uquids (Chap. III.) ; these cases depend oh 
the degree of influence which the constituents of the liquid 
\ exert on one another. Liquids which do not mutually dis- 
solve possess the same vapour-pressures when mixed as when 
, separate ; the vapour-pressure of the mixture is the sum of 
I the vapour-pressures of the constituents. The analogous 
\ case for solutions is that where the two solids exert no action 
^ on one another. In this case, the solution becomes satu- 
rated with reference to each constituent, and the proportion 
between solid and solution does not affect the equilibrium 
of saturation. Neither is the proportion between the 
two soUds of importance, provided that enough of each is 
present to saturate the liquid. The first class of salts exa- 
mined by Biidorff corresponds, to some extent, to this case ; 
the salts do not form double compounds, nor do they 
crystallise together isomorphously. Most of the salts 
examined are very soluble in water, and their saturated 
solutions exhibit very considerable osmotic pressures. In 
conformity with this, the solubilities of the individual 
salts are not retained exactly in the mixture, but are 
generally smaller ; a similar thing happens in the analogous 
case of evaporation. Other actions also come into play 
with salts ; the simpler case of indifferent substances has 
not yet been examined. 
i The second case, for liquids, is that of partial mutual 
> solution. There is no exactly corresponding case for solu- 
; tions of solid salts ; but a certain degree of similarity exists 
when the two salts are capable of crystaUising together as 
< a double salt. Several cases are then possible. As the 
formation of a double salt does not necessarily always 
follow, a solution may be formed at first which is saturated 
as regards both salts ; no satisfactory examp le of this case 
has been examined yet. When the double salt has been 
formed, then either the salt a, or the other salt b, may be 
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present in excess; two states of equilibrium may result; 
one in which the double salt is in equilibrium with the salt 
A» and the other in which it is in equilibrium with the salt b. 
This is the case usually observed. On adding an excess of 
B to the saturated solution of a, the double salt separates ; 
this double salt must be, always and necessarily, less soluble 
than either of its constituents. The solution becomes poorer 
in Ay and it is customary to say that a is forced out of 
solution ; although it is not a, as such, that separates, but 
a double salt of which a is a constituent. If there is suffi- 
cient of B present, a solution soon results, which is saturated 
both as regards the double salt and b, and which is not 
changed on addition of more of b — a point which was over- 
looked by Biidorff. In this case the separation from solution 
of either constituent cannot, therefore, be complete. This 
conclusion was verified by measurements made by me in 
1884 (but not published), with ammonium sulphate and 
copper sulphate; on gradually adding small quantities of 
ammonium sulphate to a saturated solution of copper sul- 
phate, the solution at first became poorer in the copper salt, 
but a limiting state was reached which was not changed by 
further addition of ammonium sulphate. If b is not present 
in such quantity that some of it remains in the solid form 
along with the double salt, then the solution which is formed 
is to be looked on as a saturated solution of the double salt 
in an unsaturated solution of b. Under these conditions 
the solubility of the double salt is greater than it is in the 
saturated solution of b, and this solubility varies inversely 
with the quantity of b. This is the case to which most of 
Biidorff s investigations apply, and which led him to con- 
clude that saturated solutions could not generally be ob- 
tained under the conditions of his experiments. The same 
considerations hold good when a is in excess. A fourth 
state of saturation is possible wherein the equiUbrium is 
between the double salt and the solution only. A case of 
this kind was examined by Gay-Lnssac in his investigation 
of the solubility of alum. The phenomena become much 
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more complex when the formation of several double salts 
from two Qonstituents is possible.^ 

The third case of mixed liquids is that where both parts 
are mutually miscible in all proportions ; the vapour-pres- 
sures vary continually, but not, as a rule, regularly, be- 
tween the limiting values. The corresponding case for 
solutions of two salts is that wherein the salts are abl$ 
to crystallise together in all proportions ; this usually 
happens only when the salts are isomorphous, but such 
salts have not always this power. The composition of the 
saturated solution changes continuously with the composi- 
tion of the isomorphous mixture; by adding successive 
quantities of b, it is possible to displace the salt a entirely 
from the solution. In principle, an infinite quantity of b is 
required ; but to displace so much of a that this salt can 
no longer be detected by analytical methods, only a finite 
quantity of the isomorphous salt is needed. 

All the foregoing considerations may be followed without 
using the analogy between the phenomena in question and 
the evaporation of liquids ; it is only necessary to regard 
the equilibrium between the solution and the soUd sub- 
stance as dependent on, and varying with, the composition of 
the soUd. The conditions of saturation do not vary, or 
vary discontinuously, or vary continuously, according as the 
composition of the solid is unchanged, or varies by leaps, or 
varies continuously. The advantage of using the analogy 
with evaporating mixtures of liquids is that both sets of 
phenomena are cases of equilibrium of heterogenous systems 
which can be expressed by corresponding general laws. 

20. Influence of acids on the solnbilities of fheir salts. — 
The researches of B. Engel.^ on this subject belong to the 
domain we are now considering. Measurements were 
made with hydrochtoriajusid and chlorides ; they led to the 

' These cases are considered by the author in that part of his work 
which treats of chemical eqoilibrium in heterogeneous systems* — T^ana- 
lator, 

* Compt rend. 102, p. 619 ; 104, p. 433 [1886-87]. 
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approximately accurate statement that the amount of 
chloride displaced from a saturated solution corresponds 
with the chlorine in the acid which is added; the total 
chlorine, or the sum of the equivalents of chloride and 
hydrochloric acid, remains therefore nearly constant when 
the quantity of hydrochloric acid varies. Thus : — 



Barinm Chloride 


Hydroohlorio Aoid 


Sam of the Equivalenta 


29-46 





29-46 


27-8 


11 


28-9 


2608 


2-8 


28-88 


23-4 


60 


28-4 


140 


14-36 


28-36 


10-2 


18-78 


28-98 


6-67 


22-76 


28-42 


2-74 


320 


34-74 


0-29 


50-6 


50-79 



The numbers represent milligram-equivalents in 10 c.c. 
of the solution. The experiments were conducted at &* ; 
each number is the mean of three independent observations. 
The law holds good approximately to 22 equivalent^, which 
is equal to about 7 per cent, of hydrochloric acid. The 
course of the numbers indicates that a part of the curve 
would show some deviation from a straight line, and that 
it would pass through a minimum-point at approximately 
an equal number of equivalents. Similar results were ob- 
tained with the chlorides of sodium, ammonium, strontium, 
and some other metals ; but the minimum-point was not 
always reached when equal numbers of equivalents were 
used. 

Investigations were made with sulphates and nitrates at 
a later time.^ Sulphates were found to behave differently 
from chlorides; Engel formulates an approximate law as 
follows — addition of sulphuric acid decreases the solubility 
of the sulphates as if the acid removed from the solution 
and rendered inactive a quantity of water equal to that 

 Comptrmd. 104, p. 506 [1887]; Ann, Chdm. Phys. (6) 17, p. 338 
[1889]. 
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required to form the compound H2SO4.I2H2O ; in other 
words, the sulphuric acid precipitates a quantity of sulphate 
proportional, but not equivalent, to the amount of acid 
added. This rule was proved for copper sulphate and cad- 
mium sulphate ; it did not hold for alkali sulphates, which 
are able to form acid sulphates. 

The action of nitric acid was found to be, generally, of 
the same kind as that of hydrochloric acid ; but the rule of 
equivalency was not followed in all cases, e.g. the solubility 
of potassium nitrate reached a minimum and then increased 
on addition of more nitric acid; a behaviour similar to 
this was noticed with stannous chloride and hydrochloric 
acid.^ 

That the foregoing phenomena are special cases of a 
general law which belongs to the domain of the chemical 
action of mass was pointed out by W* Nernst.* 

21. Solubilities of solids in mixtures of liquids. — The addi- 
tion to a solution of a liquid which is able to form a homo- 
geneous whole with the solution causes precipitation of 
more or less of the substance in solution, if that substance 
is insoluble in the liquid which is added. 

This fact is made use of in order to precipitate salts 
from their solutions, when evaporation is inadmissible ; e.g. 
addition of alcohol to aqueous solutions of several salts 
causes precipitation of the salts. In these cases, the solid 
substance is less soluble in the mixture of two liquids than 
it is in the quantity of its own solvent contained in the 
mixture. Many measurements have been made by Wagner, 
Brandes, and others ; most of them are concerned with mix- 
tures of alcohol and water. Schiff^ investigated the subject 
in a general way. He dissolved the salts in the following 
table in alcohol of 0, 10, 20, 80, 40, 50, 60, and 80 per 
cent, by weight, at 15^, and obtained the quantities of the 
various salts noted from 100 parts of the solutions : — 

» Compt. rend. 105, p. 1398 [1888]. 

' Zeitschr.f.phyHkal Chemie, 4, p. 372 [1889]. 

* Annalen, 118, p. 362 [1861]. 
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Op.ot 


10p.ot 


SOp.ot. 


90 p. d 


40p.ot. 


60p.ot. 


60p.ot. 


80p.ot. 


KCl 


24-6 


19-8 


14-7 


10-7 


7-7 


6-0 


2-8 


0-45 


NaCl . 


26-4 


22*2 


18*4 


14-9 


11-7 


8-9 


5-6 


1-2 


BaGls.2H,0 . 


30-25 


23-7 


18-0 


12-8 


9-3 


— 


8-4 


0*5 


KNO, . 


20-6 


13-2 


8-6 


5-6 


4-3 


8-8 


1-7 


0-4 


NaNO, . 


45-9 


89*5 


32-8 


26-2 


20-5 




10-2 


2'7 


KjSO^ . 


10-4 


8-9 


1-46 


0-55 


0-21 




— 




Na,SO,.10H,O 


25-6 


14-85 


5-6 




1-8 








MgS04.7H,0 . 


50-8 


89-8 


21-3 




1-62 








ZnS04.7H,0 . 


54*6 


511 


39-0 




3-48 








MnSOf . 


56*26 


51*4 








20 


0-66 




¥eQO^.^Kfl . 


37-2 








0-8 


— 


— 




CUSO4.6HJ.O . 


27-2 


13*3 


31 




0-25 


■i— 


— 





No relation could be traced between the decrease of 
Bolability and the quantity of alcohol added ; the quantity of 
salt which was precipitated from the aqueous solution by a 
specified quantity of alcohol varied much with the different 
salts ; and the relation between the amounts of alcohol added 
and salt precipitated showed an approximate proportion- 
ality only for the salts KGl and BaCl^, and NaNO, and NaCl. 
Nor did the results indicate that the alcohol withdrew a 
quantity of water from the solution corresponding with the 
formation of a definite hydrate, which then mixed with the 
saturated solution thus produced ; for, if the quantity of 
water required to form a saturated solution was calculated 
from the amount of salt present, and the remaining water 
was supposed to be combined with alcohol, the proportion 
between these two quantities of water was found to vary. 

The aqueous-alcoholic solutions of certain salts separate 
into two layers, one of which is a concentrated aqueous 
salt-solution containing a little alcohol, and the other is 
more concentrated alcohol containing a little of the salt ; 
such salts are manganese sulphate and potassium carbonate. 
The laws of these phenomena are scarcely known as yet. 

The problem examined by Schiff was attacked by 
A. Gerardin ^ in 1865. Many measurements were made, 
but the theory of the phenomena was not elucidated. 
Gerardin examined the solubilities of the salts NaCl, KCl, 

> Ann. CMm. Phys, (4) 5, p. 129. 
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BaCla, Pb(N03)a, BaCNOa)^, NH.Cl, K,SO„ KNO3, KI, SrCl,, 
and Na CJ3.fi^, in eighteen different mixtures of water and 
alcohol containing from 94 to 5*2 per cent, alcohol, at dif- 
ferent temperatures. One general result was that the 
character of the solubility-curve was the same for aqueous 
alcohol as for water. The solubility of potassium chloride, 
for instance, increased as temperature rose, and could be ex- 
pressed by a simple equation. Thus, in water, S = 29*21 
+ -29 U The solubility of the same salt in aqueous alcohol 
was as follows : — 



Per cent. Alcohol by Weight 


Solubility 





28-5 +*29£ 


5-2 


23-2 +'27t 


9-8 


19-9 +-255* 


15*4 


15-7 +-283« 


28 


11-9 +-206* 


85 


7-1 +-162« 


45 


4-2 +'125t 


65 


l-89 + -661« 



The same held good for barium chloride. 

The solubility-curves of the other salts examined were 
nearly straight lines both for water and for mixtures of water 
and alcohol. The decrease in solubility was always greater than 
the decrease in the quantity of water in the alcohol ,* addition 
of alcohol to the saturated aqueous solution, therefore, always 
produced precipitation ; the alcohol withdrew some of the 
water from the solution. Gerardin failed to find a general 
expression for this action of the alcohol. He noticed that 
the quantity of water thus withdrawn by the alcohol was 
small in the case of such easily soluble salts as EI, NaCsHsO^, 
and SrGl, ; in these cases the decrease of solubility was 
nearly proportional to the quantity of alcohol in the solu- 
tion. All the salts examined are insoluble in absolute 
alcohol. 

There is one special, although isolated, observation which 
should be noticed. It is the existence of corresponding 
temperatures. If three temperatures are chosen at which 
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the three salts KNO3, Pb(N03)2, and NaNOg have equal 
solubilities in water, then the solubilities of these salts in 
dilute alcohol are also the same at the temperatures in 
question. The following numbers illustrate this point 
(decimals are unfortunately omitted by the author) : — 





FotaaBimn Nitrate 
atSOO 


Lead Nitrate 
at68«> 


Sodium Nitrate 
at 18° 


Water .... 
„ + 5*2 p.ct. alcohol 
., +23 

„ +66 „ 


86-3 
72 
88 
6 


86-1 
72 
38 
6 


86-1 
72 
38 
6 



A similar relation does not, however, hold good for other 
analogous salts — for instance, for chlorides. 
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CHAPTEE V 

OSMOSE 

1. Generalities. — In preceding chapters were con- 
sidered the different kinds of solutions, the conditions 
under which solutions are formed, and the relations which 
are established when equilibrium is attained between 
solutions and the substances from which they are formed. 

But solutions may be regarded not only with reference 
to the conditions of their formation and their existence, but 
also with reference to the condition of the dissolved sub- 
stances. In considering a mixture of two liquids, either 
may be regarded as the solvent and the other as the 
dissolved substance. To prevent any confusion of this 
kind, only those solutions will be considered in the fol- 
lowing paragraphs wherein one of the substances ^is present 
in much larger quantity than the other; the substance 
present in large quantity will be called the solvent, and 
that present in relatively small quantity will be called the 
dissolved substance. In other words, we shall concern 
ourselves with dXH/vbU solutions. 

The first fact to be noticed here is that when a solution 
of any substance is in contact with another solution of the 
same substs^ce, of different concentration from the first, a 
condition of rest cannot generally be maintained. On the 
contrary, a movement of the dissolved substance begins, 
from the parts where it is present in larger quantity to 
the parts where it is presenll in smaller quantity, and 
this movement proceeds until the dissolved substance is 
distributed equally through the solutipn. If this move- 
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ment is hindered by the introduetion of a partition, which 
is permeable by the solvent but not by the dissolved 
substance, the striving of the latter to permeate the whole 
solution makes itself apparent as a pressure against the 
partition. The phenomena noticeable in such a case are 

2. Earliest observations. — In his book on Physics, which 
was held deservedly in high repute in the second half of the 
last century, the Abb6 Nollet described an experiment to the 
effect that if a glass vessel is filled witK spirits of wine, and 
the opening is tightly covered with a bladder, and the 
whole is then immersed in water, the contents of the vessel 
increase so that the bladder is expanded and is sometimes 
burst. This experiment was forgotten for many years ; it 
was brought to light again by P. Parrot ^ in 1815. Parrot 
ascribed the phenomena to a special force which he called 
'* afl&nity of the first degree ; ' he recognised this to be of a 
perfectly general character, inasmuch as aJJ, misdble liquids 
show a tendency to * wander ' one into the other when they 
are brought into contact, and this process continues wntU the 
liquids are perfectly equaJly distributed. Parrot also estab- 
lished the fact that the presence of a membrane, as used 
by Nollet, is not a necessary condition of the action, since 
the spontaneous admixture of the liquids proceeds more 
readily when they are brought into free contact one with the 
other. Parrot was fully aware of the important bearing of 
the phenomena on processes which occur in living organisms. 

The second discovery of these facts did not suffice to 
make them the common property of science. They were 
discovered a third time by N. W. Fischer ^ in Germany, and 
a fourth time by Dutrochet ' in France ; it was only after 
this that the investigation of these facts was earnestly 
taken up. The greatest interest centred round the changes 
of level which occurred when two different liquids, such 
as water and a salt solution, separated by an animal 

> QW>. Arm. 51, p. 818. * Ibid, 72, p. 300 [1822], 

* Arm, Chim. Phys, (2) 85, p. 893 [1827]. 
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membrane, were kept in contact. The existence of the mem- 
brane was regarded as essential; the older investigators 
carried out many experiments with membranes, but without 
arriving at results of a general character.^ 

8. Membranes formed by precipitation. — The animal 
bladders which were used by the older investigators were 
insufficient aids for studying the fundamental phenomena. 
These bladders, it is true, allowed only the very dow 
passage through them of the dissolved substance ; but tiie 
passage was only hindered, it was not stopped, and even 
the degree of hindrance depended on the condition of the 
membrane. The possibUity of obtaining membranes which 
should be quite impermeable by the dissolved substance, 
was suggested by M. ifraube,^ as a result of his experi- 
mental examination of the causes which lead to the 
formation of cells. When solutions of certain substances 
which form precipitates with one another are carefully 
brought into contact, a hard pellicle is formed at the surface 
of separation of the liquids ; this pellicle is permeable by 
water, but not by certain other substances, among which 
are the two reagents by whose mutual action the pellicle 
has been formed.' 

4. Investigations of W. Pfeffer. — Traube showed thijit 
certain substances are able to pass through membranes 
formed by precipitation, and that certain other substances 
do not pass through these membranes, and that, generally 
speaking, equilibrium does not occur between two solutions 
of membrane-forming substances, inasmuch as the cells, 
produced by the contact of the solutions, show a tendency 
either to increase or decrease in size, and therefore a 

> Magnus, Pogg, 10, p. 160 [1827] ; Jenohau, Pogg. 84, p. 613 [1835] ; 
Briioke, Pogg, 5S, p. 77 [1843] ; Liebig, tjber einige Ursaohm der SOfta- 
bewegung m tierischen Orgamsnvus, Braunschweig, 1848 ; Vierodt, Pogg. 
78, p. 619 [1848] ; JoUy, Pogg, 78, p. 261 [1849] ; Ludwig, Pogg. 78, p. 307 
[1849]. 

' Archw, f, Anat, und Physiol, 1867, p. 87. 

* A long quotation from Traube is given here in the original. — Trans- 
kttor. 
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presBnre is produced either from within or from mthout* 
Trauhe did not succeed in measuring the pressures thus 
exerted, because of the small resistance of the membranes 
he used. 

Pfeffer * was the first to solve this part of the problem ; 
he used membranes produced by precipitation within a 
partition capable of considerable resistance, but in other 
rfflpects porous. The very careful manipulation required 
IB described by Pfeffer as follows : — 

'"* The apparatus is represented in fig. 16, about one-half the 
natural size, with the manometer, m, attached ; the clay-cell, 0, 
and the glass tubes, v and t, are drawn in section. The day- 
ceiis used by me were generally about 46 mm. high, and 16 mm. 
diameter, and the walls were about 1\ to 2 mm. thick. The 
narrower glass-tube, v, was jEftstened into the cell by means of 
seaJing-wax, and the tube, t, was sealed into the other end 
of V in the same way. The glass-ring, r, was required only 
far experiments at high temperatures. . . . With certain pre* 
oansiions, it is not difficult to make the sealing-wax joints 
capable of withstanding considerable pressure ; the greatest care 
TXffJoA be used in making the joint between the clay-cell and 
the tube v. For expenments at, and below, ordinary tempera- 
tures, the cyHndrical space between v and the cell was filled 
wi& two sorts of sealing-wax ; the greater part of this space 
vn» filled with comparatively infusible packing sealing-wax, 
and this was fitted closely to an mider-ring of sealing-wax, 
placed towards the interior of the cell, and softened before 
use by means of turpentine or liquid pitch. Only this inner 
ring, the consistency of which prevented the formation of small 
channels or rifts, was in contact with the membrane produced 
by precipitation within the cell. The more solid sealing- 
wax served to prevent the pushing out of the tube v by the 
pressure produced in an experiment. To make this double-joint, 
the glass tube v is placed in the clay-cell along with the less 
fusible sealing-wax, the wax which is thus extruded is removed 
by « properly-formed instrument, the more liquid sealing-wax 
is added, and while this is molten, the tube is pushed farther 
into the cell. The results of different experiments may be 

^ - * OsmoUMht Vhtersuchungen, Leipzig, 1877. 
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diBOordont unleaa very great oare is taken to make the oonnexioit 
between the sealing-was and the cell perfectly sontid, and to 
ensnre that the snr&ce of the ring of softer wax in the interior 
of the cell is smooth and even, I have made use of the short 
tnbe V, beoanse this allows the 
interior of the cell to be seen ; 
and the firm fixing in of the 
tnbe t can also be accom- 
plished with ease and certainty. 
Before the adjustments were 
made, all the clay-cells were 
treated with dilnte potash, and 
then with dilnte hydroohlorio 
acid (about 8 per cent.) ; they 
were then well washed with 
water, and thoronghly dried. 
Substances which were soluble 
in the liquids used, and which 
might exert a hurtful action 
in the experiments, were thus 
removed, notably earths and 
- iron salts. 

' As I experimented chiefly 
with membranes of copper 
ferrocyanide, deposited on the 
inner snr&ce of the cells, I 
^ E^iall describe the preparation 
of these membranes in detuL 

' The cells were thorong^y 
saturated with water, by re- 
peated evacuation under tii« 
air-pump ; they were then filled 
with a three per cent, solution 
of copper sulphate, and placed 
for several hours in a quantity 
fjo, U of ^^ same solution. The in- 

teriors of the cells were then 
rapidly washed out several times with water, and well dried 
as quickly ae possible by means of slips of filter paper ; the 
exteriors were now partially dried ; the cells were allowed 
to stand in the air until they felt just moist, when a three 
per c^it. solution of potassinm ferrocyanide was poured into 
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them, and they were at once placed again in the solution of 
copper sulphate. After twenty-four to forty-eight hours the 
cells were completely filled with the potassium ferrocyanide 
solution, and they were then closed in the manner indicated in 
fig, 16. As the osmotic effect of potassium ferrocyanide solution 
is somewhat greater than that of copper sulphate solution, a 
pressure from within the cell in the outward direction was 
gradually produced. After another period of twenty-four to 
forty-eight hours the apparatus was opened, and, in most cases, 
a solution of 8 per cent, potassium ferrocyanide and 1^ per cent, 
potassium nitrate (by weight) was poured in; this solution 
produced an osmotic pressure of more than three atmospheres. 
The rise of pressure should at first be slow, and this smaller . 
pressure should be maintained for a certain time ; experience has 
shown that these are indications that the apparatus is fit for use. 
If the foregoing directions are carried out with care, the 
preparation of workable cells can be accomplished with certainty. 
In my later work, hardly one ceU out of twenty has &iled ; but 
at first I had many difficulties to contend with, and I was 
scarcely able to make any properly deposited membranes before 
I had recourse to the expedient of partially drying the cells.' 

The most noticeable phenomenon which Pfeffer observed 
by means of his apparatus was the producti6n of high 
pressures within the clay-cells, when these cells were filled 
with certain solutions and were then placed in pure 
water. It has already been remarked that a solution 
containing 1^ per cent, of nitre produced an ' osmotic 
pressure ' of niore than three atmospheres. 

Pfeffer's observations also showed that this pressure is 
intimately connected with the nature of the dissolved 
substance. One per cent, solutions of the following sub- 
stances produced the pressures noted; the pressures are 
measured in centims. of mercury : — 



CSftne-sogar 
Dextrin . 
Nitre . 



47*1 oentim. 
16-6 
178 



t* 



*f 



Potassium sulphate 193 oentim. 



Gmn 



7-2 



*f 



Further, the pressure was found to be dependent on, and 
proportional to, the concentration of the solutions. Most 
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of the experiments were carried out with caaie-BagaT ? Vhe 
following table shows the results : — 



Per cent. Sugar in Solution 


Pressure, in centim. of 

Mercury 


PreBsure, per cent of Sofiiar 


1 

1 

2 

2-74 

4 

6 

1 


53-8 
53-2 
101-6 
151*8 
208-2 
307-5 
53*5 


53*8 
53-2 
50-8 
55*4 
521 
51-8 
63-5 



The numbers in the last column range irregularly round a 
mean value, and show that pressure and concentration are 
proportional. Similar results were obtained with gum^ 
and with nitre : — 





Percent. 


Pressure 


Pressure, per oent. , \ 

....J 












1 


7-2 


7-2 i 


Gxun .... 


• 18 


119*7 


6-7 * 




18 


120-4 


6*7 


'  


1-43 


130-4 


163 


Nitre • • . 


218-5 


158 


3-8 


436*8 


188 1 


 


^ -86 


147-5 


171 . j 



In the case of nitre, the ratio of pressure to perc^it^ga 
decreases notably as concentration increases. The rea»Ml 
for this is that it was very difficult to obtain a membrua 
which should be perfectly firm at the great pressure (nearly 
6*8 atmospheres) produced at the beginning of the expeid- 
ment ; and also, and more especially^ as Pfeffer showed* 
the membrane used was not quite impervious to nitre, ap 
that this salt could not produce its complete effect » 
increasing the pressure. 

The pressure, at a specified concentration, was also 
found to be dependent on the temperature ; as the tem- 
perature rose, the pressure increased regularly. A series 
of experiments with one per cent, cane-sugar gave the 
following results : — 
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Tbmpi. 


Tnman 


Temp. 


FiMsore 


6-8» 
18'2 
»8 


50-5 
521 
62*2 


14-2«> 
22 


631 
54-8 



Lastly, Ffeffer conducted some experiments with other 
membranes. A solution of cane-sugar which gave a pres- 
sure of about 62 centims. with a copper ferrocyanide mem- 
brsuoe, produced a pressure of 87 to 40 centims. with a 
membrane of Prussian blue, and a pressure of 86 centims. 
Ydib. a membrane of calcium phosphate ; the temperature 
being 18^ to 15\ 

* Si Ilieoretioal importance of the investigatioas of Pfeffer. 
— The; significance of the phenomena described in the 
preceding paragraph in their bearing on the nature of. 
solutions remained for long unnoticed. The discoverer 
required the facts only for the elucidation of the physio- 
logical questions with which he was concerned ; he contented 
himself with making a few remarks on the causes of the 
phenomena he had observed. It was not until 1885 that 
van 't Hoff ^ began to develop a theory of solutions on the 
basis of these phenomena ; this theory has already proved 
itself 9 and continues to prove itself, to be eminently fruitful. 

The investigations of Pfeffer experimentally establish 
the fact that when a solution is separated from pure water 
by a partition which allows water to pass through it with 
comparative ease, but is impervious to the substance in 
solution, a pressure is noticeable which is dependent on 
the nature of the dissolved substance and the temperature, 
and increases proportionally to the concentration. There 
is no doubt that the cause of this pressure is to be sought 
for in the dissolved substance, for the water cannot produce 
any enduring pressure, inasmuch as it passes through the 
separating membrane without difficulty. Moreover^ the 

' Archiv, Nierland, 80 ; K. Svensk Ak, Hand. 21. A general aoooont 
2b given in Zeitschr. f. phyaikal. Chemiey 1, p. 481 [1887] ; a translation of 
this paper appeared in Phil. Mag. Angast 1888. 
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circumstance that the pressure increases in proportion to 
the concentration of the dissolved substance is evidence 
that pressure and concentration are causally connected, 
that the pressure is originated by the substance in solution. 
The separating wall is not the cause of the pressure, but it 
is the condition which makes the pressure appreciable and 
measurable. For in the investigation already described 
the outward pressure of the liquids is the same, at the 
outset, both within and without the cell. But this condi- 
tion cannot persist. The cell behaves as if there were a 
partial vacuum for water in its interior; water flows in, 
and, if no opposing pressure is allowed to develop, 
produces a continuous movement which ceases only when 
the contents of the cell have become the same as those of 
the space surrounding the cell, i.e. have become pure 
water, A condition of equilibrium is possible only when 
the pressure which prevails within differs sufficiently from 
that which prevails without. The first part of the phe- 
nomenon always occurs when a solution and pure water 
are brought into contact without a separating wall ; a 
movement of the dissolved substance into the water occurs, 
and this movement does not cease until the substance 
is equally distributed. Now in order to accomplish such a 
movement, there must be a corresponding cause, or force, 
residing in the particles of the dissolved substance* This 
becomes noticeable when the motion of the particles in the 
direction of the force is hindered by the membrane in the 
cell, but it is present when the membrane is not there, as 
otherwise there would be no cause for the movement of the 
particles. 

We are able, then, to distinguish between two classes of 
occurrences : the pressure-phenomena, or the osmotic phe- 
nomena, which are caused by the forces at work in the 
particles of the dissolved substance ; and the occurrence of 
movements, or the phenomena of diffusion, which have the 
same cause. The latter class will be considered in the 
next chapter. 



4k 

A 



•A 



.••(. 
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6. Connexion between fhe pressnre and fhe nature of the 
membrane. — It would seem to follow from some of Pfeffer's 
experiments that the nature of the membrane exefts a 
considerable influence on the magnitude of the osmotic 
pressure which a solution exhibits against pure water. For 
instance, a one per cent, sugar solution showed a pressure 
equal to 52 centims. of mercury with a membrane of 
topper ferrocyanide, whereas with a membrane of Prussian 
blue the pressure was 87 to 40 centims., and with a 
membrane of calcium phosphate the pressure was 86 
Centims. . But nevertheless it may be stated with certainty 
that ^%6 amount of 'pressm'e is independent of the nature of 
the menibrane, provided that the membrane is not permeable 
by the dissolved substance. To understand this, let it be 

supposed that two ^^ 

Beparatiag partitions, P 
A and B, fonned of 
different membranes, 
are placed hi a cylin- 
der (fig. 17). Let the ' 
space between the 
tnembranes contain a solution and let there be pure 
water ia the space at the ends of the cylinder. Let 
the membrane a show a higher pressure, p, and the mem- 
brane B show a smaller pressure, p. At the outset, water 
will pass through both membranes into the inner space 
until the pressure p is attained, when the passage of 
water through b will cease, but the passage through 
A. will continue. As soon as the pressure in the inner 
space has been thus increased above p, water will be 
pressed out through b. The pressure can never reach the 
value p ; water must enter continuously through a, while 
a finite difference of pressures is maintained". If tliis were 
realised we should have a machine capable of performing 
infinite work, which is impossible. A similar demon- 
stration holds good if j7 > p ; it is, therefore, necessary that 
j?=p; in other words, it follows necessarily that osmotic 
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'pressure ia independent of ike nabwre of the membrane. 
Pfeffer'a results, which were opposed to this conelusion, are 
to be accoitnied for either by the membrana not being 
thoroughly firm, or by the passage through itb o£ a small 
quantity of sugar. Ffeffer puts forward the experimentff 
in question only as provisional, and does not place aiQi 
great weight on the actual numbers. 

The conclusion that osmotic pressure is independent of 
the nature of the membrane is important, because it shcrm 
that this pressure is a specific property of the substance id 
solution, dependent upon the nature of this substaneov^ boA 
that itt this respect it resembles gaseous preMVorei^whidi 
likewise is independent of the nature of the contuning vesseL 

7. Other investigations. — Since the appearance of PfeffiBi's 
work, the direct measurements of osmotic pressures have 
not been made the subject of systematic inv^ttigatzon.^ 
Nevertheless, our knowledge of the subject has beem 
extended by some indirect methods of investigation ; these 
methods are described in the sequel. 

The work of H. de Vries,^ carried out for physiological 
purposes, must be mentioned first. Fringsheim, in 1864, 
made the observation that the protoplasmic contents of an 
organic cell contract when the cell is brought into comsen^ 
trated salt-solutions. As the outer cell-waU retains its 
form, the phenomena seem to show that the protoplasmid 
contents draw together into the form of a spherical mass 
which remains connected with the cell- wall by a-few filam^ts, 
while the space between the granular, and occasionally 
coloured, protoplasm and the cell-wall is filled with the 
transparent solution which has entered the cell. See 
fig. 18, 0. 

The cause of this process is found in the fact that 
the protoplasm is covered with a little membrane, which 

^ Some oommunications of a preliminary oharabter have been madd 
public by Ladenburg (Berichte, 22» p. 1225 [1889]), but no details have yet 
been given. 

^ Pfmgsheim'8 JahrbOcher, 14, p. 427 [1884]. 
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poBSesseSt most narke£y, tbe property of membtaaet 
prodoced by precipitation of being perrious to water, hub 
imperrionB to most disaolved BQbBtancea. If, tberefore, the 
ectearior eolation' has a greater osmotic pressure tban tl^ 
^utoplaamic oontantB of the cell, the cell-contents wQI ha 
comprised, vitb loss of water, and will assnme the form 
already described. 8neh compreBsion will take place to a 
less extent if a less concentrated eolation is ased ; in this 
eEue the protoplasm will be loosened at some of the 




Tta. 18. — Cells from the epidemuB of the oiid-rib of a leal of 

Tradtteantia discolor, magnified SOO times. 

A—nonDBloell! B=planpol7ila In (OlnUos of -jlmols. caae-mgu ; c= to; marked plutmo- 

Irtitn lolntlooof ImoL nitre; t^wU-nndieOB ; i=pnitoplii8niio fllimiBita; k^oelMnU. 

The oell-eapy (dArkened in tba flpm) li eoLDored Tiolet. 

comerrof the cell (fig. 18, b). If the osmotic pressoie of 
tbe exterior liquid is eqaal to, or is less tban, that of the 
cell-ctaitentB, tbe protoplasm will maintain its form, and 
will ding olosEdy to tbe cell-wall (fig. 18, a). 

By examining the action of the solution of any sabstance 
on a cell of the kind described, tbe solution being made 
gradnally more dilate, it is possible to find a concentration 
whereat tbe solution has the sEune osmotic pressure as t^t 
of the contents of tbe cell. If tbe concentrations oi a 
normal sabstance and another substance under exami- 
nation are adjusted, by means of cells of the same kind, 
BO thai both solutions are in osmotic eqoiUbrium with 
the contents of tbe cells, then the two solutions possess 
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^qual osmotici pressures, or, to.us^ a term introduced by 
de Yries, the solutions are isotonic* 

It is not easy to find cells suitable for an investiga- 
tion of this kind ; de Vries found only three plants from 
which suitable cells could be obtained. The contents of the 
cells must be coloured, in order that the loosening of the 
protoplasm may be observed with precision ; the loosening 
must occur at the sides of the cells, else it is not easily 
seen ; and, lastly, and this is a condition very difficult to 
realise, all the cells of one preparation must show equal 
osmotic pressures in each direction, because quite a num- 
ber of cells may be used for a series of experiments, and 
it is necessary to assume equal pressures for all4 The 
most suitable cells are the following: — the cells of the 
epidermis on the under side of the mid-rib of the leaves 
of Tradesccmtia discolor, the exterior cells of the spathe 
of Curcuma rubricaulis, and the cells from the highest scales 
of the leaf-stalk of Begonia manicata. Begonia is the 
least serviceable, but it allows the use of dilute organic 
acids, which cannot be employed with the others. 

The experimental method of de Vries takes for granted 
a point which ought to be stated explicitly ; it is assumed 
that two solutions which are isotonic with a third (the 
cell-sap) must also be isotonic with one another. The 
statement is proved experimentally by the fact that the 
same proportion is found for the concentrations of isotonic 
solutions whatever be the kind of cells employed or the 
nature of the contents of the cells. But the statement may 
be proved, in a general way, by using a method of proof 
similar to that employed in the last paragraph (p. 108). If 
two solutions could be obtained which were isotonic with a 
third solution, but were not isotonic witl; one another, it 
would be easy, with the help of these solutions, to construct 
a machine from which an endless quantity of work should 
be obtained ; but this is impossible. 

The results of the work of de Vries are as follows. The 
forces of osmotic pressure which are exhibited by solutions are 
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proportional to the concentration of the dissolved substance. 
These forces are connected with the chemical nature of the 
substance in solution, so that equimolecular solutions of 
similar substances, i.e. solutions which contain quantities 
of the substances proportional to their molecular weights 
dissolved in the same quantity of water, exhibit equal 
osmotic pressures, or are isotonic. The memoir of de Yries 
contains the following numbers:— 



Cane-sugar 
InveHed sugar 
Malio acid . 
.Tartaric „ 
Gitrio ,) 
Potassium nitrate 
Sodium „ 

Potassium ohloride • 
Sodium „ * 

Ammomum „ • 

Potassium acetate « 
Mono-potassium citrate 



(1) 


(2) 


1-88 


1-84 


1-88 


1-84 


1-98 




202 




202 




30 


30 


3-0 




30 


2*84 




305 


30 




3-0 




306 





Potassium oxalate 

„ sulphate . 

Di-potassium phosphate 

Potassium tartrate 
,f malate 

Di-potassium citrate . 

Potassium „ 

Magnesium malate 
„ sulphate . 
„ citrate 
it chloride . 

Calcium chloride 



(1) 


(2) 


3-93 


3-9 


3-92 




3-96 




3-99 




411 


4-08 




601 


4-74 


1-88 


1-63 


1-96 


1-78 


3-88 


8*63 


4-33 




4-33 





Iv 



The osmotic pressure of potassium nitrate, taken as 8, is 
adopted as the unit of reference for the other values. The 
meaning of the numbers is that the osmotic pressure of the 
solution of a specified substance is related to that of potassium 
nitrate solution in the ratio of the number placed opposite 
the specified substance to 8 ; e.g. the osmotic pressures of 
equimolecular solutions of cane-sugar and potassium nitrate 
are in the ratio 1*88 : 84 The molecular contents of a solu- 
tion of cane-sugar which is isotonic with a solution of nitre 



must, therefore, be 



3-0 

1-88 



= 1*6 times greater than that of 



the nitre solution. From the results he obtained, de Yries 
concluded that the ' isotonic coefficients ' of substances are 
whole numbers, and stand to one another in the ratio of 
such whole numbers as 2 : 8 : 4 : 5, provided the value for 
nitre be taken as 8. This generalisation may be passed 
over with the remark that the values obtamed by de Yries 
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have shown themselves to be more exact than the ob* 
setrved deyiations from his rule would lead one to sui^>Qse*. 
But it appears that the osmotic pressures of chemically 
similar substances are nearly equal. The aobstanocB* 
examined ma.; be divided into organic compounds; ivdth 
coefficients approximately equal to 2, salts B'Af (composed 
of a monad metal B' and a monad acidic radidct Af). mtia. 
the value 8, salts B'^A" with the value 4, safis Bi^^'^ 
with a value about equal to 5, salts B"A" with approxi- 
mately the value 2, and finally salts B^'A^' with thei 
coefficient 4-8, 

Besides the method of investigation already desctihed, : 
called by de Yries the ' plasmolytic ' method, de YrieB used: 
two other processes, the * plasmolytic transport metibod/- 
and the method of 'tissue-stress* (Oewehespannmtg). As. 
only the first method need be noticed for our pmqpos^ it' 
will suffice to remark here that the other methoda led to 
the same numerical values as the plasmolyiw method. 
The numbers in the second column of the precedihg' table 
were obtained by the method of tissue-stress. 

Some further determinations of isotonic coefficients have 
been made more recently by de Yries.^ These results we 
given in the opposite table ;^ the last column contains 
results obtained by another method by Dondecs and Ham- 
burger (see par. 9) . 

8. Optical methods. — A process, based oit the uflB of 
Topler's apparatus for detecting small changea in tiie 
refractive powers of liquids,^ has been applied by 3» 
Tammann^ to determine the equality of the oamodde 
pressures of two different liquids, and thus to adjust one 
liquid so that it shall be isotonic, or 'isomotic,' with 
another. When a n^embrane has been formed in a cell, by 
Traube's method, by means of potassium ferrocyanide and 
copper sulphate solutions, either the inner or the outer 

1 ZeUschr. /. physikal. Chemie, 2, p. 415 [1888] ; 8, p. 103{18891. 

' Botan, Zeitimg, 1888, Nos. 15 & 16. 

• Pogg. 181, p. 33 [18671. * '^^^^' ^'^' ^ P- 299 [188»]. 
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£iibttano6 



"Envert Sngar • 
itaH»4higar • 

Group JT. 

UlaBo aoid . . 
!Eafftarie„ 
•Citrio M • 

Magnesium malaie 
J, sulphate 

QrcmpTV, 

iPotassium pitrate • 
'8ocBnm „ • 
Potaasium ohloride 
fiottium ), • . 

Ammonium . ,» • • 
Potassium iodide . 

oOQlflOi «| • • 

Potaasiiim bromide 
Sodium >f ^ • 

Potassium acetate • 
Atowfpotassium oitiate • 

 tTroMp V. 

IMsssinm oxalate . 

J, sulphate 
Di-potassium phosphate. 
.PolHSiAnui tartrate • • 

M malate . 
Di-potassium citrate 



Group FT. 

Cfalwami chloride 
Magnesium „ 
Bacnvm ,, 



Magnesium dtrate • 

Group TTI. 
Potassium citrate • 



Fomkiila 



C.H„0, 



CAO. 
CAO, 
CJELfi, 



MgSO^ 



KNO, 

NaNO, 

EGl 

NaCl 

NH4CI 

EI 

Nal 

ISSr 

NaBr 

KCjAOj 

EHjCgH^Of 



KjHP04 

K,CAO. 

K2C4HA 

KjaoAO, 



Ca(^ 

MgCl, 
BaCl, 
M&(CAO,), 



K.0AO, 



IiotODio Oo^Boi^its by 



il 



1-78 
1-88 
1*81 



1-98 
202 
202 



1-88 
>96 



8*0 
8*0 

30 



3-0 
8*05 



4-08 



4-33 

8-B8 



601 






1-96 



.30 



8-9 



1 
il 

^ s 



1-84 I 
l!84 



1-63 
1-78 



8*93 
8-92 
3-96 
3-99 
411 



3*53 



4-74 






Q 



1*72 



2-44 



3-0 



2-84 


— 


305 


80 


1 


804 


— 


2-90 


,._ 


305 




8-03 


—» 


2*85 



4W 

4-7 



1^*05 
3-84 
4*03 
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liquid generally showa a greater pressure than the other. 
If the pressure of the inner liquid is the greater, water 
passes from the outer solution into the cell, the liquid 
around the cell becomes more concentrated, and, on 
account of its greater specific gravity, this more concen- 
trated liquid flows downwards. On the other hand, if the 
pressure of the outer liquid is the greater, water passes 
outwards, the liquid surrounding the cell becomes more 
dilute and flows upwards. These changes may be observed 
by the use of Topler's apparatus by which very minute 
differences between the refractive powers of two liquids 
may be detected. It is thus possible to adjust one liquid 
to another so that water shall neither flow inwards nor 
outwards through the cell-walls, and both liquids shall 
therefore have the same osmotic pressure. 

The different concentrations of the membrane-forming 
substances may be compared by this method. Tammann 
found the only suitable membranes to be those of copper 
and zinc ferrocyanide ; hence his investigations were 
confined to determining the isotonic solutions of copper 
and zinc salts in comparison with ferrocyanides. 

The method might be extended, however, by adding to 
the membrane-forming solutions different quantities of a^ 
third substance (which must be without' chemical action 
on the membrane-forming substance) and then finding 
the concentration of the second membrane-former which 
was isotonic with this mixed solution. That part of the 
osmotic pressure which was due to the substance added 
could then be calculated, on the suj^osition, the accuracy 
of which it would be possible to establish by the experi- 
ments themselves, that the osmotic pressure of the mixed 
substances was the sum of the pressmres of each. 

The following numbers, selected from Tammann's results, 
represent molecular concentrations, i.e. the number of gram- 
molecular weights dissolved in 1,000 grams of water ; the 
ratio of the numbers is given in the qolumn v : — . 
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HI 



CiiSO« 


K*Fo(CJN). 


V 


Chi(O.H.O,). 


K.T-eCON), 


9 


0-842 


0-313 


2-7 


0-338 


0-203 


1-67 


0-676 


0-240 


2-8 


0-240 


0-147 


1-63 


0-339 


0-117 


2-9 


0-167 


0-108 


1-55 


0-204 


0079 


2-6 


0-111 


0074 


1-50 


0-170 


0-066 


2-6 


0-055 


0-039 


1-41 


0-094 


0-036 


2-6 









CaCl. 


-r 

K^PeCON). 


9 


Cu(NO,). 


K^KON). 


9 


0-476 


0-612 


0-93 


0*564 


0-686 


0-94 


0-379 


0-397 


0-96 


0-439 


0-439 


1-00 


0-313 


0-319 


0-98 


0-364 


0-361 


1-04 


0-236 


0-230 


102 


0-272 


0-261 


1*08 


0167 


0-146 


1-08 


0-186 


0-168 


1-18 


0-094 


0-086 


1-09 


0108 


0H)88 


1-22 


0-043 


0033 


i-30 


0-049 


0-036 


1-36 



ZnBO« 


K*Ff(CIN). 


9 


ZnCn, 


K^eCON). 


9 


1-280 


0-649 


2-8 


0-440 


0-473 


0-93 


1-023 


0-410 


2-6 


0*329 


0*362 


0*93 


0-861 


0*829 


2-6 


0-219 


0*216 


1-01 


0-638 


0*234 


2-7 


0-131 


0-127 


1-03 


0*425 


0-166 


2-4 


0-060 


0-070 


0*86 


0-266 


0-126 


21 


. 






0*101 


0-061 


1-7 









The irregular deviations show that the numbers are 
affected by errors of considerable magnitude. Nevertheless, 
it is evident that the ratio of the isotonic concentrations 
does not change much with increasing dilution ; the ratio 
generally increases somewhat. Similar salts, such as 
CUSO4 and ZnS04, GuClj CuCNOj), and CuClj, show very 
similar ,proportionaI numbers when compared with the 
isotonic concentrations of ferrocyanides. 

From the results with other substances, most of which 
were organic compounds, it may be concluded that equi- 
molecular solutionja of these show osmotic pressures which 
are equal within the limits of experimental error. The 
substances examined thus were cane-sugar, salicin, ethyl 
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alcoholy chloral hydrate, ether, ethyl acetate, isobatyl 
alcohol, area, and propyl alcohol. 

Tammann emphasises the point that solutions "which 
have eqnal osmotic pressmreis also exhibit equal vapour- 
pressures. This statement haid been deduced by van 't Hoff, 
by theoretical reasoning, shortly before the publication of 
Tammann's work. The questions connected with this 
asswtion will be considered later in their proper con- 
nexion. 

9. Influence of temperature. — ^Donders and Hamburger ^ 

determined isotonic coefficients by a method very similar to 
that used by de Yries, but they employed blood-cells in 
place of ceUs of plants; their results JBjre given in the 
last column of the table on p. 109. 

These results showed a noteworthy advance, inasmuch 
as they were obtained for two fairly different temperatures 
viz. 0**, and 84** (the temperature of blood). The numbers 
showed that solutions which were iisotoiiic at the lower 
temperature were also isotonic at the higher teinperature. 
As one result of the direct experiments d Pfeffer is that 
osmotic pressure increases with increasiu|; temperature, it 
follows that the increase of dsmotic presmi/te which accom- 
panies a/n increase of teTwperatwre is independent of the nature 
of the dissolved substance. 

It should be noted at once that £hese hob ifixoeptions to 
this statement,. but the number of itbaae iasot greal; just 
as the expansion-coefficient of gases has not invariably the 
same valuQ. The statement holds gooB in hj iax ihe greater 
number of cases. 

The common temperature-function ql x»mDtic pressure 
might be determined by the method td Pfeffea^ if the 
experiments were conducted in a anfficiently jaeourate 
manner. But the determination pBeaoDts -very great 
experimental difficulties at present. Moanwhile i^ func- 
tion may be deduced thermodynamiealfy, iby the method 

> 0v4erz. Physiol. Lab. Utrecht (3), 9, p. 26 ; ot Hanlburger, Zeitschr. 
f. phyHhal Chemie, 6, p. 819 [1890]. 
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shown to be applicable by van 't Hoff.* The proof rests on 
the statement that in a reversible cyclical change, which 
proceeds between the temperatures t and t—cJt, the portion 

of the total heat which is convertible into work is q — , 

T 

where q = total quantity of heat. 

Let the solution, with volume v and osmotic pressure |), 
be placed in a cylinder, fitted with a movable piston, and 
closed at one end by a membrane which allows the passage 
of water, but prevents the passage of the substance in 
solution. The piston is held in position by a pressure 
equal and opposite to the osmotic pressure. If this 
opposing pressure is decreased by an infinitely small 
amount, water penetrates the membrane, the piston is 
raised and performs the work pdvy while the volume- 
increase is represented by dv. During this process the 
temperature remains constant ; to do this a quantity of 
heat, Q, equal to the work done, p St?, must be added Now 
let the piston move further, but let no more heat be added ; 
the temperature sinks to t— d t, and the pressure to 

p — -^ dT. At this lower pressure, the piston is pressed 
di 

down into the cylinder until a change of volume = d t? is 

attained, and the heat produced is removed so that the 

temperature remains at t— di. Finally, the removal of 

heat is stopped, and the compression is continued until the 

temperature risea to t, and the origin3.1 volume v is attained. 

The cyclical process is now stopped.^ 

The heat added was q = j) d v ; the fraction of this 

which is convertible into work is the difference between the 

two quantities of work j? d v and T^— ^dildv, and is 
therefore = ( -^ j d t d t?. 

* Zeitschr. f. physikaL Chemie, 1, p. 485 [1887]. 

^ The subject of the second law of thermodynamics may be studied in 
Clansius' MecTianical Theory of Heat. 

I 
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Then, from the general statement enunciated above, we 
have 



T 



dp 
dT 



. dudv 



pdv 



T dT 

and by integration 

where c is the integration-constant. 

Hence osmotic pressv/re is proportional to the dbsohite tern- 
peratwre. 

The results obtained by Ffeffer agree, on the whole, with 
this conclusion, within the limits of experimental error. 
The following numbers show this : — 





f* 


Observed 


fo 


Obeenred 


Galcalflted 


Cane-sugar • • 

»t ... 

Sodium tartrate , 

» . » . 


32° 
36 
36-6 
37-3 


64-4 

66-7 

156-4 

98-3 


14-2° 
16-6 
13-3 
13-3 


610 

621 

143-2 

90-8 


61-2 

62-9 

144-3 

90-7 



The numbers under the heading calculated show the 
pressures calculated for the lower temperatures, t', from those 
observed at the higher temperatures, t, on the assumption 
that pressure is proportional to absolute temperature. The 
agreement between the pressures observed at the lower tem- 
peratures and those calculated for these temperatures is 
very close ; but it must not be concealed that other results 
obtained by Ffeffer show much less agreement than those 
quoted above. The experimental errors are so large that 
no great weight can be put on either the one or the other 
set of results. 

10. Analogy between the state of solution and the gaseous 
state. — Putting together the laws which are known to express 
the phenomena of osmotic pressure, we have the following 
relations : — 
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1. The pressure is proportional to the concentration, or 
it is inversely proportional to the yolmne in which a 
definite quantity of the dissolved substance is contained. 

2. The pressure increases, for constant volume, propor- 
tionally to the absolute temperature? 

8. Quantities of dissolved substances which are in the 
ratio of the molecular weights of these substances exert 
equal pressures at equal temperatures^? 

The analogy between these three laws and the gaseous 
laws is very evident. The first law corresponds with the law 
of Boyle, the second with the law of Charles (or Gay-Lussac), 
and the third with the law of Avogadro. To van 't Hoff * is 
due the merit of being the first to insist on this analogy, 
and to draw the weighty conclusions which this resemblance 
makes possible. 

At the outset it is necessary to find an answer to the 
question which asks what real ground there is for the 
analogy. The answer is to be found in the same cause as 
lies at the root of the simple gaseous laws which are inde- 
pendent of the composition of the different gases. As 
in gases, so in dilute solutions, the molecules of the sub- 
stances are so far apart that only those properties come into 
importance which depend on the number of the molecules, 
while those properties which depend on their individual 
nature in many cases disappear. Following a proposal 
made by W. Wundts, I shall apply the term coUigative ^ to 
properties of this kind ; the volume- and pressure-relations 
of gases are the classical example of such properties. The 
appearance of properties of this kind is a peculiarity of 
matter when the parts are widely separated from one 
another so that the mutual actions of these parts are reduced 
to a minimum. 

The analogy between gases and solutions may be fol- 
lowed further, as was shown by van 't Hoff. The numerical 

* This statement holds good only for indifferent substances. The ex- 
ceptions will be discussed later. 

* geU9chr. f. physikal Chemie, 1, p. 481 [1887]. ' See note on p. 30. 

I 2 
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value of the pressure exerted by a quantity of a gas, the 
weight of which in grams is equal to the molecular weight 
of the gas, was already found ^ to be expressed by the 
formula ^ t? = b t, where b = 84,700 = a constant inde- 
pendent of the nature of the gas. 

Pfeffer's most numerous and accurate measurements 
were made with cane-sugar ; a solution containing 1 per 
cent, of this compound was found to exert an osmotic pres- 
sure at O'' equal to 49*8 centims. of mercury. The pressure 
in grams per square centim. is equal to, 49*8 x 1088. The 
volume in which a gram-molecular weight of cane-sugar is 
contained in a 1 per cent, solution is 84,200 ex.^ inas- 
much as the molecular weight of CiaHjgOu is 342. The tem- 
perature is 278'', in absolute measure. Substituting these 
values, B is found to be 84,200 ; this number agrees with the 
constant for gases within the limits of experimental error. 
Inasmuch as the osmotic pressures of equimolecular solutions 
are equal, the same constant must be found for every other 
substance. The following statement, therefore, follows : — 
Dissolved substances exert the same pressure, in the form 
of osmotic pressv/re, as they would exert were they gasified, at 
the same temperature, without change of volume. 

We are, therefore, warranted in carrying over to solutions, 
without change of constant, all that we know to hold good 
for the properties of gases, so far as these are dependent on 
pressure, volume, and temperature, provided only that 
osmotic pressure be substituted for the ordinary pressure of 
gases. 

The assertion that pressures of very considerable mag- 
nitude must exist in moderately concentrated solutions, 
appears at first sight somewhat astonishing. It is easily 
calculated, from the equation given above, that a solution 
containing 17 per cent, of ammonia must exert against pure 
water, at O'', an osmotic pressure not less than 224 atmo- 
spheres. It has been asked, in all seriousness, why such a 
solution does not break the vessel in which it is placed. 

^ This formula is discussed in an early part of the Lehrbtich, — Translator. 
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Such a solution would break the vessel containing it if the 
walls of that vessel were permeable by water, but not by 
ammonia, and this vessel were plaeed in pure water. Phe- 
nomena of this kind are observed in the destruction of the 
walls of cells with somewhat concentrated protoplasmic con- 
tents, when such cells are placed in pure water. The pres- 
sure cannot, however, make itself felt towards the exterior 
of the solution, because it is opposed on the surface by the 
normal interior pressure, which prevails in every liquid, 
and which is measured in thousands of atmospheres. The 
osmotic pressure can show itself only by diminishing this 
interior pressure and so slightly increasing the volume of 
tiie Hquid ; it can never come into play towards the exterior 
of the liquid, because it is always quite overpowered by the 
interior pressure. 

It follows, from this way of regarding the subject, that 
when a liquid is diluted, the total volume must generally 
become somewhat smaller. For, suppose the liquid is diluted 
to twice the original volume, then the interior pressure is 
opposed by an osmotic pressure equal to one-half the 
pressure before dilution, and therefore the total volume 
must decrease to an amount corresponding with this decrease 
of osmotic pressure and with the compression-coefficient 
of the liquid. It is known that, as a rule, dilution of a 
solution is accompanied by a decrease of volume. If no 
other causes were at work, the volume-change could be 
calculated from the known values of the osmotic pressure 
and the compression-coefficient. But the supposition which 
would be made in this calculation, viz., that the interior 
pressure (determined without reference to the osmotic pres- 
sure) is the same for different concentrations of a solution 
of the same substance, cannot be accepted as necessarily 
true, and there is no trustworthy method of calculation by 
which this point may be settled. 
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CHAPTEE VI 

DIFFUSION 

1. Generalities. — Osmotic pressure is the cause of an** 
other class of phenomena, which come under notice when 
the pressure is allowed to exert itself freely. A movement 
of the particles of the dissolved substance occurs from the 
places where they are more closely packed, and where, 
therefore, they exert a greater pressure, to the places where 
they are present in smaller quantity, and where, there- 
fore, the pressure is less ; and this movement continues 
until the concentration, and therefore the pressure, is 
uniform throughout the liquid. The existence of this 
movement was discovered by Parrot ; ^ the cause he called 
* aflSnity of the first degree, a newly discovered natural 
force.' The phenomenon is now called diffusion ; the 
cause has been shown recently, by W. Nernst,^ to be 
osmotic pressure. 

2. Investigations of Oraham. — Graham was the first to 
make a thoroughgoiug investigation of the phenomena of 
diffusion without a separating membrftne.' His method of 
procedure was very simple. A wide-mouthed glass-jar, of 
about 200 grams capacity, with the upper edge of the 
mouth ground smooth, was filled with the salt solution 
under examination to within about 2 centims. of the top ; 
water was then poured very carefully on to the top of the 
solution till the jar was quite full ; the jar was placed in a 

1 OUb. Awn, 51, p. 318 [1816]. 

2 Zeitschr.f.physikdl. Chemie, 2, p. 613 [1888]. 
» PM. Trans. 1860, pp. 1, 806 ; 1861, p. 483. 
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glass cylinder, and water was poured into this cylinder 
until the jar was covered to the depth of about 8 centims. ; 
about 1 litre of water was generally required. The whole 
arrangement was allowed to remain at rest for a consider- 
able time in a moderately warm place. The process was 
stopped by covering the mouth of the jar with a glass plate ; 
the jar was then removed from the outer vessel, and the 
quantity of the substance now present in the liquid in this 
vessel — the diffusate — was determined. The first result was 
that the quantity of the substance in the diffusate was 
largely dependent on the nature of the diffusing substance ; 
acids, for example^ diffused about twice as quickly as normal 
salts, and the rate of diffusion of these salts varied much 
according to their composition. 

The quantity of substance which diffused from solutions 
of different concentrations was found to be nearly propor- 
tional to the contents of the original solutions ; for instance, 
solutions of common salt which contained 1, 2, 8, and 4 
parts NaOl in 100 parts water, yielded diffusates, after four 
days, which contained 2*78, 5*54, 8-87, and 11*11 grams 
salt — these numbers are in the proportion 1 : 1*99 : 
8*01 : 4. The rate of diffusion was considerably modified 
by changes of temperature; thus a solution of common 
salt diffusing at 4*2^ gave 10 grams NaOl in the diffusate, 
and at 19*4^ the diffusate contained 18*6 grams NaOl, in 
each case after 8 days. 

When two salts were allowed to diffuse simultaneously, 
each appeared to diffuse independently of the other. If, 
^erefore, the rates of diffusion of the two salts were very 
different, it was possible to effect a fairly complete separa- 
tion of the salts. For instance, a separation could be effected 
of the constituents of salts which were decomposed by 
water, e.g. potassium hydrogen sulphate, the alums, &g. ; 
the details of this part of the investigation do not, however, 
concern us here. 

The question with regard to the influence of salts on 
one another during diffusion was put mto another form by 
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inquiring whether a salt diffuses in the solution of another 
salt in the same way as in pure water. Experiments 
showed no marked difference between the two cases. For 
instance, 9*06 grams Na^GOs diffused in eight days from a 
4 per cent, solution of this salt surrounded by pure water, 
and the quantities which diffused in the same time when 
the solution of Na^GOs was placed in a 4 per cent, common 
salt solution were 8*82 and 9*1 grams. A slight retarda- 
tion seemed to occur in some cases, but the results were 
not conclusive on this point. 

I do not give in detail Graham's measurements of the 
relative quantities of salts which diffused under the same 
conditions, as the numbers are not of special importance for 
our purpose. Graham came to the conclusion that the 
quantities of chemically similar salts, such as potassium 
and ammonium chlorides, or potassium and ammonium 
nitrates, which diffuse in equal times are nearly, if not 
quite, equal. Such groups of salts as the sulphates or 
carbonates of the same base, showed agreements among 
themselves, but each group differed from those first men- 
tioned. 

3. Fick*8 theory of diffusion. — In order to gain an insight 
into the phenomena of diffusion, A. Pick^ put forward, 
tentatively, the statement that, the qucmtiiy of a salt which 
diffuses ihr(mgh a given area is proportional to the difference 
between the concentrations of two areas infinitely nea/r one 
another. 

This fundamental supposition made by Fick follows, as 
a necessary consequence, from the statement, already 
made, that a substance in solution exerts a pressure 
proportional to the concentration of the solution. For the 
pressure exerted on both sides of the surface of separation 
between two adjacent portions of a solution is proportional 
to the concentration on each side ; the resultant pressure 
must be proportional to the difference between the two 
concentrations, and it must drive the dissolved substance 

» "Pogg, 94, p. 69 [1856]. 
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towards the part of less concentration. This, however, is 
nothing else than the law stated by Fick. 

The formal analogy between the statement of Fick and 
that made by Fourier concerning the conduction of heat, 
made it possible for Fick to carry over Fourier's theory of 
thermal conduction, which had been very carefully and 
fully developed by Fourier on mathematical lines of 
reasoning, and to apply it to diffusion-phenomena, by 
putting concentration in place of temperature, and quantity 
of salt in place of quantity of heat. The case wherein the 
process takes place only in one direction such that the 
same condition prevails at all points in a plane perpen- 
dicular to this direction, may be expressed by the differential 
equation : — 

dt \dx^ Q * dx' dx J* 

In this equation, x represents the distance in the direction of 
diffusion, y is the concentration, q the area, and t the time ; 
A;= diffusion-constant, i.e. the number which expresses the 
quantity of salt diffusing through unit area in unit time 
when unit difference of concentration prevails throughout 
unit distance. The negative sign means that the diffusion 
occurs in the direction of smaller concentration. Should 
the area not depend on x^ should, e.g., the diffusion-vessel be 

a prism or a cylinder, then -^ = 0, and the equation is 

CL X 

reduced to 

d t dx^' 

Finally, if a stationary condition is reached, i.e. if the 
concentration is maintained constantly equal in two parts 
of the diffusion- vessel, and sufficient time has elapsed, then 
the concentration is no longer dependent on the time ; we 

have then —^ = 0, and therefore ft — ^ = : from this it 
dt * dx^ 

follows that j-^ = a, and y = ew? + 6, where a and h are 

ax 
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the integratioD-constaiitB, which mnst be determined from 
the experimental conditions. 

All these eqaations may be used for proving Fick's 
fundamental law, bat one cannot obtain measnrements of 
difTusion-constantB by the help of this law. Fick'B own 
measurementB were applicable only to individnal cases and 
were not very accurate, therefore I do not give them here. 
The researches of others have shown that to make accurate 
experiments on diffusion is one of the most difficult prob- 
lems in practical physicB. 

4. Experimental verifloation of the lav of diffmnon. — 
Beilstein,'actingund6rthegnidance of Jolly,aoaght to realise 
•>° °<mple a process of diffusion as 
tile, by the following arrange- 
One limb of a U-shaped tube 
:ut off immediately above the 
and the edge was ground flat ; 
anger limb was narrowed near 
opening and was closed by a 
id stopper. This arrangement 
was filled with the solution of 
a salt, fastened into a plate, 
and immersed in a vessel filled 
withpiirewater(fig.l9). This 
arrangement was chosen, as it 
was supposed that the dilation which resulted on diffusion 
would at once spread thionghout the whole of the U -tube, 
because the dilute solution which formed at the open end 
of the tube, being specifically lighter, would find its way to the 
npper part of the tube, and would be replaced by the.more 
concentrated solution originally present there. Beilstein 
supposed that an equal concentration would prevail through- 
out the whole of the httle tube at each moment of the 
diffusion. This supposition does not, however, apply to the 
lower part of the bend at any rate, Nevertheless, if Beil- 
stein's assamption is adopted as a first approximation, the 

' AnnaUm, 99, p. 166 [1866]. 
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process may be expressed on the basis of Fick's law. 
Putting y =r concentration, i.e. the quantity of the salt for 
1 gram of water in the little tube, then the rate of diffusion 

-j^ is proportional to the difference of concentration ; but 

Of t 

this difference is equal to the concentration itself, inasmuch 
as the exterior liquid is pure water, and because the 
diffusing salt-solution at once sinks to the bottom of the 
vessel and remains there during the experiment. We have, 
therefore, 

where k^ as before, is the diffusion-constant, and c is a 
constant depending on the form, and especially on the area 
of the opening, of the vessel. It must be noticed in inte- 
grating, that for ^ = 0, the original concentration, which we 
shall call Pq, must be introduced; hence the equation 

follows — 

ho-^ly = kct 

where I expresses the natural logarithm.^ 

Beilstein found, for example, that a 2 per cent, solution of 
nitre contained 1*3052 per cent, after 24hours, and '8346 per 
cent, after 48 hours. The logarithms required are "SOI —2, 
•1155 — 2, and -9215 — 8, and their differences are '1855 
and *8795 ; these differences are in the ratio of 1 : 2*046, 
instead of 1 : 2. Similarly, a 4 per cent, solution of nitre 
(water = 100) gave 2-5437 per cent., and 1*6483 per cent., 
after 24 and 48 hours respectively ; the differences of the 
logarithms are '1966 and *3852, and these are in the ratio 
1 : 1*96. Beilstein examined 10 salts ; he found that the 
second difference was a little smaller in almost every case 
than would be expected from the theory. He supposed 
himself driven to conclude that Fick's law is inaccurate ; 
but Th. Simmler and H. Wild ^ at once pointed out that the 

1 The xniioh more complicated equation given by Beilstein does not differ 
snbstantially from that given in the text. 
« Pogg. 100, p. 217 [1867]. 
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deviations noticed might well have their origin in the 
somewhat inaccurate assumption which was made, that 
the contents of the small diffusion-vessel were perfectly 
uniform. 

5. Further investigatioiis. — In the contribution already 
referred to, Simmler and Wild put forward several methods 
for determining diffusion-constants, without, however, giving 
any experimental data. They integrate the differential 
equation for the case wherein a cylindrical diffusion- vessel, 
containing the solution of a salt, is sunk in water contained 
in a large vessel, and the quantity of salt which remains in 
the small vessel at the close of the experiment is estimated ; 
also for the case in which two vessels of equal area and the 
same height are placed one over the other, the lower vessel 
being filled with the salt-solution and the upper with 
water. These authors also sketch a third method wherein 
they consider a prism-shaped vessel, and they propose to 
measure the concentration in each layer by determining the 
refraction-coefficient of the layer. They suggest that an 
insight might be had into the general process of the diffusion 
at any moment by producing a representation of the cord 
of a pendulum as seen through such a prism ; the disloca- 
tions of the straight lines would afford measures of the 
concentrations of the different parts of the solution. 

I do not note here the results of the calculations of 
Simmler and Wild, because those which are to be used 
later on will be recorded in their proper places. 

Hoppe-Seyler,^ and, independently and at the same 
time, E. Voit,^ suggested and made use of an arrangement 
similar to the prism-method of Simmler and Wild. I shall 
give an account only of the last investigation, as it was of 
a systematic character. Equal volumes of a sugar solution 
and water were allowed to diffuse into one another in a 
vessel formed of mirror-plates and having the form of a 
parallelepiped ; the amount of sugar was determined in 

* Med, chem. Untersiich. Berlin, 1866. 
« Pogg. 180, pp. 227, 393 [1867]. 
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each layer by a Dnboscq-Soleil saccharimeter, which sor- 
roundiBd the difFasion-yessel, and was attached to the slider 
of a cathetometer-stand so that it could be fixed at different 
heights. 

Simmler and Wild developed the following formula for 
a; similar arrangement — 

Vo 2vo'v^ (-l)p 2p -f 1 -(^.£±l^Ykt 

2/o, as before, is the original concentration, y == con- 
centration varying with the time t; h = height of the 
vessel ; x = the height at which an observation was made, 
measured from above downwards ; e = basis of the natural 
logarithms ; tt = 3*1415 ; and p = any whole number from 
to OD. It is somewhat inconvenient to calculate k from 
this infinite series which quickly converges. By making 
observations at heights so that x^-^n and a; = ^ h, the 
second term, in which 2> = 1, becomes equal to zero, as 

under cos. the value - or -— - appears. The third, and 

the following, term may be neglected without introducing 
any large error; so that we obtain for k the following 
closed expression : — 

where y^ represents the concentration measured at the 
height |H, and at the time t. A simpler expression is 
found by combining two observations at the times t and 2t 
Putting y'l as the concentration at time t and the height ^h, 

and putting y^t = ^, it follows that 

ia 

'nH ytn — Vi 

Calculations made by the use of this formula gave results 
which seemed to represent the diffusion-constants as 
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variable within the widest limits; the nombers for k varied 
between '45 and *16. Nevertheless, Yoit was aware that 
this result need not lead to the conclusion that Fick's law 
is inaccurate. The result showed that the measurement of 
the amounts of sugar in different portions of a diffusing liquid 
by means of the saccharimeter is inadmissible ; the values 
found were always much too low ; and it was only after about 
50 days, when the differences of concentration had been 
almost wholly equalised, that trustworthy measurements 
could be obtained. A description of the way by which 
Yoit reached this conviction would lead us too far afield. 
Yoit did not indicate an explanation of the divergent 
results he obtained. Such an explanation was found, in 
1878, by Stefan,^ who showed that a liquid whose refraction- 
coefficient decreases from beneath upwards, acts like a prism 
with the refracting edge upwards, and at the same time 
also acts as a cylindrical lens; a ray of light which enters 
such a liquid horizontally does not remain horizontal, but 
is bent aside. The diffusion-constants are therefore quite 
erroneous. 

The investigations of Johannisjanz,^ which were con- 
ducted in accordance with one of the optical methods 
suggested by Simmler and Wild, with certain appropriate 
changes, fall under the same criticism. As these investi- 
gations could not lead to accurate values, a description of 
them may be omitted. 

6. InvestigatioiiB of H. F. Weber. — None of the investi- 
gations which we have considered up to this point has led 
to trustworthy results. It is only within recent years that 
a research has appeared which has shown that the question 
concerning the validity of Fick's fundamental law of diffu- 
sion, which had remained unsolved for nearly a quarter- 
century, must be answered in the affirmative. 

The problem has been solved by H. F. Weber,* by the 
help of a new principle of measurement. If two plates of 

1 Wien. SUswngaber, 78. ' Wied. Arm. 8, p. 24 [1877]. 

» lUd. 7, pp. 469, 636 [1879] 
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zinc are imm^Bed in two solutions of zinc sulphate, of 
dififerent concentrations, connected by a porous partition or 
the like, an electromotive force is produced between the 
plates, and this force is proportional to the difference 
between the concentrations, provided that difference be 
small. Weber placed a concentrated solution of zinc sul- 
phate in a cylindrical vessel, the bottom of which was 
formed of a smoothly amalgamated zinc plate ; over this he 
poured a dilute solution of the same salt, and then, by a 
suitable arrangement, he fibbed a zinc plate, similar to the 
first, beneath the surface of the upper layer of liquid. The 
electromotive force produced between the two plates measured 
the difference of concentration ; as this difference became 
equalised by diffusion, the electromotive force decreased. 

The application of Fick's law to this arrangement leads, 
as in all other cases, to infinite series, the coefficients of 
which may be caused partially to disappear by the use of 
suitable devices; if the times are made somewhat large, 
the remaioing terms become numerically so unimportant 
that the first term suffices. Putting b as the electromotive 
force proportional to the difference of concentration, the 
course of the change of b, during the time of experiment, is 
given by the equation 

A is a constant, the other letters have the same meanings as 
before. 

The testing of Fick's law was conducted by finding the 

values ot -rk from the observations of the electromotive 

force on two consecutive days ; this value must remain the 
same if the law is accurate. Weber found as follows : — 



Days 


Constant 

1 


Bays 


OonBfcaot 


4-5 

5-6 
6-7 
7-8 


•2032 
•2066 
•2045 
•2027 


8-9 
9-10 
10-11 


•2027 
•2049 
2049 


Mean *2042 
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The constancy of the value is maintained in the most satis- 
factory way. The diffusion-law of Fick is completely verified 
by these measwrements, 

A modification of this method allows a more precise 
proof of Fick's law to be obtained, and at the same time 
makes it possible to complete the experiments in a few 
hours, which is a great advantage considering the necessity 
of keeping the temperature constant. Instead of obtaining 
two different conditions of concentration by placing different 
solutions one over the other, Weber gained the required 
arrangement by passing an electric current through a cell 
made of two amalgamated zinc plates placed horizontally 
and parallel to one another at a distance of '5 centim. 
apart, and separated by a solution of zinc sulphate. The 
result of this arrangement is that some zinc is deposited on 
one side, and the solution surrounding this plate becomes 
more dilute, while the ion SO4 travels to the other plate, 
dissolves some of the zinc, and so causes concentration of 
the liquid. At the same time there begins a process of 
diffusion which tends to equalise the difference of concen- 
tration ; the final result is a stationary condition wherein 
the concentration increases regularly from one plate to the 
other. If the current is stopped, the cell shows an electro- 
motive force corresponding with the difference of concentra- 
tion which was produced in the first part of the experiment. 
This difference equalises itself by diffusion, and the process 
may be observed as before. The calculation leads to an 
expression the form of which completely corresponds with 
that already given, and which becomes sufficiently accurate 
after the expiry of a certain time. 

Weber observed the electromotive force at equal intervals 
of time. The values must form a decreasing geometrical 
series, and the differences of their logarithms must be con- 
stant. The following table contains an example ; the ob- 
servations were all made at intervals of two minutes, and 
the differences of the logarithms are taken for those values 
which are separated by half-an-hour. 
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Time 


B 


Time 


B 


DifE. log. 


h. m. 




h. m. 






12 


170-3 


12 30 


141-9 


-07923 


2 


168-3 


82 


140-3 


•07902 


4 


166-4 


34 


138-7 


-07907 


6 


164-6 


36 


137-1 


•07913 


8 


162-5 


38 


136-6 


•07890 


10 


160-6 


40 


133-9 


-07870 


12 


168-6 


42 


132-3 


•07847 


14 


166-6 


44 


130-7 


•07861 


16 


164-6 


46 


1290 


•07862 


18 


162-7 


48 


127-4 


•07867 



The small deviations shown by the differences are ex- 
plained by the fact that the temperature fell somewhat 
during the observations. Temperature exerts a very marked 
influence on the diffusion-constant ; while this has the value 
•1252 at 1-2*', it becomes -4146 at 44*7*' ; the general ex- 
pression is fc = -1187 (1 + -0557 *). 

Weber examined the influence of concentration on the 
diffusion-constant, by placing solutions of different strength 
between the plates. A small effect was discovered in the 
direction that the constant decreased slightly as concentra- 
tion increased. A solution containing 21*4 per cent, gave 
k = -2408, another solution of 81'8 per cent, gave k = '2289. 
Weber concludes : — 

The elementary law of Fick is to be corrected in the same 
way in the theory of diffasion, as the elementary law of Fourier 
in the theory of the conduction of heat ; as the magnitude of 
the internal heat-conduction decreases slowly as temperature 
increases, so the diffasion-values decrease gradually as concen- 
tration increases. Fick's hypothesis represents the process of 
diffasion with as great accuracy as Fourier's law expresses the 
process of the conduction of heat in solid substances. 



This conclusion is evidently valid only on the supposition 
that the molecular condition of the dissolved substance is 
not changed by the dilution employed in the experiments. 
But it is certain that such changes occur with all solu- 
tions of salts, including zinc sulphate. Nevertheless, the 



130 SOLUTIONS 

possibility remains that Fick's law is a completely accn- 
rate expression of the diffusion of substances which do not 
undergo changes of this kind. 

7. Oraham's later researches and Stefim's calculations. — 
Although the correctness of the diffusion-law and the limits 
within which it is valid were established by the decisive 
experiments of Weber, yet no general method for determin- 
ing diffusion-constants was supplied by these experiments. 
Such a method is, however, given, as was pointed out by 
Stefan,^ by an extended series of experiments published by 
Graham ^ in 1861. Graham used cylindrical vessels about 
15 centim. high and 9 centim. wide ; into these he poured 
*7 litre water, and then allowed *1 litre of the salt solution to 
flow under the water from a pipette with a very narrow 
orifice, so that the two liquids were plainly separated from 
each other. The vessels were then left at rest for a deter- 
minate time ; 50 c.c. of the solution were then removed at 
a time, slowly and carefully, by means of a siphon, so that 
the whole liquid was obtained in 16 portions, and the 
analyses of these gave a survey of the diffusion-process. 

Stefan applied the formal analogy between diffusion- 
movements and wave-motions to the calculation of Graham's 
results; both motions are expressed by the differential 

equation already quoted - -? = — A: j^. It is easy to in- 
tegrate this equation for the case of an infinite cylinder ; to 
apply it to a limited cylinder, Stefan made use of the prin- 
ciple of reflexion and superposition ; he regarded the quan- 
tity of substance which would have passed beyond the 
limiting layer, if the liquid cylinder had been infinite, as 
totally reflected on to the limiting layer, and added to that 
present in the lower layers. If the curve abc in. Fig. 20, 
for instance, represents the falling off in the concentration 
of a diffusing system in a definite time, when the liquid 
cylinder is infinite, then the decrease in concentration, a d, 
in a cylinder which reaches only to the ordinate 5 is found 

» TFten. Akad. Ber. 79, p. 161 [1879]. » PhU, Trans. 1861, p. 183. 
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by reflecting the part of the curve bcBksbo, and regarding 
the corresponding ordinates as applied to a b. 

StefEin has calculated tables, by the help of which the 
distribution of the dissolved substance can be deduced, on 
the principle just stated, if the dilBbsion-constants are 
known ; and by which also the diffusion-constants can be 
determined from the observed distribution of the substance. 

For these and other calculations I must refer the student 
to the original memoir of Stefan ; I do not give the tables, 
because it is very diflficult to carry out investigations by the 
method under consideration without considerable errors. 
This becomes very apparent from the work of Schuhmeister,^ 
wherein differences of from 10 to 20 per cent, appeared with- 




out discoverable cause. Only the values of the constant k 
calculated from Graham's measurements are given here ; 
the unit of length is the centimetre, and the unit of time is 
the day : — 





Temp. 


k 




Temp. 

5° 

9 

5 


k 

•766 

•910 

1-742 


Caramel 
Albumin . 
Cane-sugar 


10° 
13 

9 


•047 
•063 
•312 


Sodium chloride . 

»» »» • • 
Hydrochloric acid 



8. Investigations of Scheffer. — Scheffer^ used cylinders 
of 10 sq. centim. area, and about 10 centim. high ; these 
were about two-thirds fiUed with the solution under exami- 
nation, and one-third with water, and were then placed in a 

> Wim. Akad. Ber, 79, p. 603 [1879]. 

« Berichte, 15, pp. 788 [1882] ; 16, p. 1903 [1883]. 
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large vessel containing pore water. The calculations were 
made by the formula of Simmler and Wild (p. 125) ; a 
table is given of the values of the corresponding series. 
Observations made at different intervals of time gave results 
which agreed well with Fick's law. The values found for 
the constants (centim. days) were as follows : — 



Hydroohlorio aoid 



If 
Ozalio 

Acetio 

»f 
Tartario 



»» 

II 
II 
II 
II 



Temp. 



8« 
15-5 

7-5 

8 
14-5 

9 



218 
2-57 
•70 
•66 
•81 
•43 



II 



Sncoinio aoid 
Giirio 
Mannite 
Sodium acetate . 
COiloral hydiate . 
Ammonium chloride 



Temp. 


k 


15° 


•55 


9 


•42 


10 


•38 


14-5 


•69 


9 


•54 


17-6 


1-31 



The question of the influence of concentration on the 
diffusion-constants is discussed in a later communication. 
A distinct increase of the constant, as concentration in- 
creased, was noticed in the case of hydrochloric acid. No 
marked change was observed in the constants for sodium 
chloride and potassium chloride ; and, lastly, the constants 
for sodium nitrate, sodium thiosulphate, and especially silver 
nitrate, became smaller as the concentration became greater. 

At a later time,' Scheffer employed a somewhat different 
experimental arrangement. A stopper was ground into a 
cylindrical flask ; the stopper carried a pipette with a stop- 
cock, which reached to the bottom of the flask, and also 
an overflow-tube. Water amounting to three times the 
contents of the pipette was placed in the flask, the pipette 
was filled with the solution to be examined, and, by care- 
fully opening the stopcock, this solution was allowed to flow 
in a layer under the water. When the experiment was 
finished, the liquid was caused to rise to the overflow-tube 
by carefully adding sufficient of the original solution, and 
the contents were withdrawn in four equal parts, three of 
which were used for analyais. 

The results led to the conclusion that the diffusion- 



Zeitachr. f. phyiikal. Chemie, 3, p. 890 [1888]. 
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constant for hydrochloric acid increased considerably as con- 
centration increased ; in conformity with this, hydrochloric 
acid diffused into a dilute solution of the same acid much 
more rapidly than into pure water. Nitric and sulphuric acids 
showed the same behaviour, but in a much less marked way. 

The tables on p. 184 contain a number of detenninations 
made by Scheffer. The column n contains the quantities 
of water stated in molecules for one molecule of the dis- 
solved substance ; A; = diffusion-constant. 

9. Difitision in gelatinous substances. — Graham^ was the 
first to examine the question whether diffusion in water 
which has been gelatinised by such substance^ as starch, 
gum, or agar-agar, differs from diffusion in pure water. 
He came to the conclusion that the rate of diffusion of 
common salt is not appreciably altered by altering the con- 
.dition of the medium. 

F. Voigtlander,^ as the result of an extended investi- 
gation, found that diffusion takes place in agar-agar in 
the same way as in pure water. This conclusion is of 
great importance for the measurement of diffusion-constants, 
as the chief causes of error — viz., differences of temper- 
ature and mixing caused by shaking — are here completely 
removed. For these reasons, also, the method gives a 
means of testing Fick's law with much greater sharpness: 

For the case that concentration, c, remains constant at 
one end of an unlimited cylinder of water, Stefan calcu- 
lated the quantity of a substance that diffused, a, as 

where Ic = diffusion-constant^ and q = area. The quantity 
diffusing through the given ' area must be proportional to 
the square root of the time. The following table shows 
the milligrams of sulphuric acid, a, that diffused from a 
solution of *72 per cent, in t minutes, in a cylinder of agar- 
agar ; the last column contains the quantities of sulphuric 

> PML. Trans, 1861, p. 183. 

* Zeitschr.f. bhysikal. Chemie, 8, p. 316 [1889]. 
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Temp. 



Temp. 



Htdbochlobio Aon>, B.C[.nRfl. 



0<> 











6 
6 



6 

9*8 
14 
27-1 
129*5 



16-5 
66 



2-31 
1-86 
1-67 
1*52 
1*39 



11 
11 
11 



7-2 

27-6 

69-4 

108-4 



2-67 
2*12 
2-02 
1-84 



NiTBio Acid, HNO,.nH^. 



1*54 
1-60 



9 
9 
9 
9 



2*9 
7-3 
35 
426 



Sulphuric Acid, H2S04.nH20. 



7-5 


686 


1-04 


8-5 


127 


8 


18-8 


1-07 


9 


686 


8 


36 


101 


11-3 


71 


8 


84 


1-02 


13 
13 


0-5 
35 



Acetic Acid, C2H402.nH20. 



8 

13 

13-3 
3-6 
7-6 
9*5 



38 
46 
208 
315 
135 
720 



0*66 
0-73 
0-78 
0-61 
0-71 
0-81 



13-5 

13*5 

14 

18-5 

14 

14 



60 

84 

128 

1247 

415 

689 



1*94 
2*02 
1-78 
173 



0-99 

1-14 

1*12 

1-3 

1-24 



0-76 
0-77 
0*81 
105 
0*94 
1-01 



Tabtabic Acid, C4H20s.nH20. 
5 I 155 I 0*37 



Bacemio Acid, C4HgOg.nH20. 
5 I 155 I 0*39 



Potash, E0H.nH20 
13*6 I 1665 I 1*66 

Ammonia, NH,.nH20. 



Soda, NaOH.nH20. 
8 I 329 I 1*06 

Sodium Ghlobidb, NaGl.nH20. 



4*5 


16 


106 


5*5 


11 


0*73 


4-5 


85 


106 


6-5 


25 


0-74 








5*5 


58 


0*76 



Ammonium Ghlobidb, NHfCLnH^O. Babium Chlobide, B&Ci^nHfi, 

1*81 |[ 8 i 337 I 0*65 

Sodium Nitbate, NaN0,.nH20. 



17*5 i 



61 



SiLYEB Nitbate, AgN0,.nH20 



6-5 


10*6 


0-57 


2-5 


7*7 


0*67 


7*5 


11*8 


0*65 


2-5 


44 


0*62 


7*5 


25 


0*77 


11-5 


28 


0*82 


7*5 


189 


0*90 


11-5 


95 


0*86 



7*5 



Ubea, CONA-^O. 
I 110 I 0*81 



10 



Mannite. 
220 I 



0*38 
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acid diffosing in 60 minutes calculated by the foregoing 
formula from the observed values of a : — 



( 


a 




t 


a 




6 


0-30 


1*04 


800 


2*44 


1-09 


10 


0*45 


1-09 


360 


2*66 


1-09 


20 


0*62 


1-07 


420 


2-90 


1-10 


80 


074 


108 


480 


310 


1-09 


40 


0-86 


106 


900 


4-80 


111 


50 


0^6 


106 


960 


4-60 


111 


60 


1-08 


1-08 


1020 


4-61 


110 


120 


1-48 


1-06 


1440 


6-25 


107 


240 


216 


1-08 


2880 


7-06 


1*02 



The numbers in the last column evidently vary irregu- 
larly about a mean value. They decrease only towards the 
later experiments ; this is due to the fact that after two days 
the diffasion had reached the top of the cylinder, and there- 
fore the formula was no longer valid. 

Similar experiments were made with many other Bub- 
stances — salts, bases, and acids ; the conclusion was always 
the same ; the quantity that diJBTused was proportional to 
the square root of the time of dijBbsion. 

The same law holds good for the distance over which a 
determinate concentration extends; this also is propor- 
tional to the square root of the time of diffusion. That 
concentration of an acid which was required to decolorise 
the jelly, which had been coloured red by extremely dilute 
alkaline phenolphtalein, was adopted as the characteristic 
concentration. The progress of the decolorising action was 
found to be exactly proportional to the square root of the 
time. The same result was obtained for the reddening of 
the jelly containing phenolphtalein by diffusing alkalis. 

Finally, Voigtlander determined a number of diffusion- 
constants in terms of the usual units (centimetres and 
days). The results obtained may be taken as valid for 
water also ; for measurements made with jellies containing 
from 1 to 4 per cent, of gelatinising substance showed, 
under the same conditions, exactly the same quantities of 
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diffused acid, so that the supposition that the presence of 
agar-agar is without influence on the diffusion seemed to 
be justified. The numbers obtained in this investigation are 
more accurate than those furnished by experiments with 
water by reason of the complete absence of disturbing 
currents. • 

The influence of temperature was examined at the same 
time. The following table contains the results ; fairly dilute 
solutions were generjsdly used ; the temperature-coefl&cients 
of the diffusion-constants are given under a^ and a^ ; a^ holds 
good for 0° to 20°, a^ from 20"^ to 40°. The experiments 
showed that the quantities diffusing in equal times in- 
creased very nearly in proportion to the temperature. 
From this, taken in conjunction with the formula on p. 183 
which shows that the diffusion-constant increases in pro- 
portion to the square root of the quantity of substance, it 
follows that the temperature-coefficient in each case takes 
the form fc^ = fco (1 -f /8 t)K 





*o 


0-867 


*« 


«! 


«. 


Formio acid. 


0-472 


1-49 


•0228 


•0806 


Acetic ,» . 


0-318 


0-64 


1-04 


•0246 


•0826 


Propionic „ . 


0-246 


0-614 


0-882 


-0261 


•0368 


Buiync „ . 


0-217 


0-443 


0-788 


-0266 


•0385 


OxaJio „ . 


0-461 


0-894 


1-47 


-0242 


-0822 


Tartaric „ . 


0-816 




0-996 






Citric „ . 


0-231 




0-864 






Sulphuric „ . 


0-637 


1-21 


2-01 


-0286 


-033 


Hydrochloric acid . 


107 


2-06 




-0246 


— 


Nitric „ 


1-10 


2-10 


— 


-0226 




Potassium oxide 


1-01 


1-76 


2-36 


-0209 


•026 


Sodium ,t 


0-764 


1-26 


1-36 


-0196 


•024 


Ammonium ... 


0-661 


1-26 




-023 




Lithium oxide 


0-591 


1-13 


1-81 


-0239 


•0296 


Barium „ , 


0-786 


1-33 


210 


•0224 


•0291 


Strontium „ . 


0-686 


1-26 


2-01 


-0229 


•0297 


Calcium ,, . 


0-786 


1-40 


2-18 


-0237 


•028 


Potassium chloride 


0-786 


1-40 


218 


•0219 


•0279 


Sodium ,1 


0-636 


1-04 


1-71 


•0248 


•0382 


Ammonium „ • 


0-682 


1-32 


2-16 


-0286 


•0314 


Calcium „ 


0-394 




1-40 






Magnesium „ 


0-402 


0-77 


1-40 


•024 


•0346 


Barium » • • 


0*626 


0-98 


1-68 


•0232 


-0306 


Nickel „ 


0-464 


0-84 


1-48 


•0281 


-0322 


Cobalt M . 


0-443 


0-83 


1-38 


•0282 


-0304 
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10. InTMti^tioiu of Long. — By the use of a Bpeoial 
arrangement proposed b; L. Meyer, J. H. Long ' made 
direct determinationa of the difFaBion-conBtanta of a aeriea 
of aalta, withoat the employment of any complicated 
formolge Bach aB had been required by all previoas inveBti- 
gatora. The method, it is tme, gave only relative nmnbera. 
The chief part of the apparatns (fig. 21) consisted of a 
tube bent several times, carrying a funnel at one end and 
haviim; in the middle a short piece open beneath (fig. 21, i), 
and ending in a somewhat narrow orifice. The tube waa 
hung in a beaker which contained the salt-solution. A slow 
stream of water was poured at a uniform rate into the tube 
by means of the funnel ; this stream of water waahed the 
tube and then glided quietly over the salt-Bolation, the even 



sorEace of which reached some way into the short open 
piece (to about i in fig. 21). Diffusion took place at 
this surface ; now, inasmuch as the water was being con- 
stantly renewed in the tube, and the quantity of solution in 
the beaker was considerable, it might be assumed that 
diffusion was taking place between two liquids of unchanging 
composition. Under these conditions the quantity of salt 
which diffused through the surface i and was carried by the 
stream of water into the vessel b must have been propor- 
tional to the concentration, the time, and the diffusion-con- 
stant. Long did not reduce his results to absolute units, 
bat gave the quantity of aait which diffused through the 
surface t, the diameter of which was 1'4S centims.. 




138 



SOLUTIONS 



day. The length of the short piece was 1*1 centim. The 
solutions used contained one equivalent, or a fraction of 
one equivalenty of each salt in one litre. Preliminary ex- 
periments showed that the diffusion proceeded very nearly 
in proportion to the concentration. The following table gives 
the quantities which diffused in one day from normal solu- 
tions. The corresponding values from Graham's first series 
of experiments are also given; these numbers were calcu- 
lated by Long by finding, with the help of Fick's formula, 
the quantity of salt which would diffuse from one of 
Graham's flasks had the diameter of the neck been 1*45 
centims., the actual diameter being 8*048 centims. The 
length of the neck of GriJiaim^s flasks was nearly the same 
as tiiat of the short piece of glass used by Long. The two 
series of numbers show a general agreement. Nevertheless 
some of the differences are not small ; this is doubtless due 
to the fact that the arrangement of Graham's experiments 
did not lend itself well to the method of calculation used 
by Long. 





Long 






Long 


G-raham 


KCl . 


•0599 


•0638 


GoGl, 


•0897 




NaCl 




•0361 


•0373 


NiCl, 




•0394 




NH.Cl 




'0369 


•0378 


KKr . 




•0965 


•1037 


LiCl 




•0288 




NaBr 




•0625 


•0646 


GaCl, 




•0476 


•0647  


NH^Br 




•0617 




SrGl, 




•0686 


•0766 


KI . 




•1364 


•1416 


BaCl, 




•0936 


•0974 


Nal . 




•1008 


•0969 


MgO, 




•0373 


•0444 


KCy. 




•0499 




KNO, 




•0614 


•0716 


iCnSO^ 




•0252 


•0235 


NH4NO, 




•0544 


•0696 


ZnB04 . 




•0269 


•0194 


NaNO, 




•0446 


•0631 , 


Mn804 , 




•0226 




T.iNO, 




•0358 




iMgSO^ 




•0209 


•0150 


iBaNA 




•0429 


•0296 


iNa^SO^ 




•0478 


•0300 


iSrNA • 


•0249 


•0241 


J(NHJ^O, . 


•0482 


•0369 



To bring out more clearly the stoichiometrical relations 
of the values obtained, Long divided the numbers in the 
foregoing table by the molecular weights of the different 
salts. The results show how many molecules diffuse under 
equal conditions. The values are : — 



J 
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01 


Br 


I 


NO, 


SO* 


K • • • 


803 


811 


828 


607 




Na 




600 


509 


680 


512 


678 


NH4 




689 


629 


672 


524 


724 


Li 




541 


— 


— — 


512 




Ba 




450 


^— 


— 


656 




Sr 




430 


— 


^— 


552 


— 


Ca 




429 


— 


— 


— 




Mg , 




392 


— 




— 


348 


Zn 






— 


— — 


— 


332 


Mn 




.— 


— 






298 


Co 




806 




— 


— 




Ni 




304 




— 


— 


— 


Cu 




— - 


— ~ 


^^ 


^■^ 


316 



This table shows a somewhat regular arrangement of 
the molecular diffusion-valueB. The haloid compounds of 
potassium, as also those of sodium and ammonium, agree 
among themselves ; the sulphates of the magnesium group 
have also approximately equal values. By making a 
comparison with other properties, a very near parallelism 
is noticeable between the rates of diffusion and the elec- 
trical conductivities of substances.^ 

11. Simnltaiieous diffusion of mixed substances. — In his 
first series of experiments, Graham announced that mixed 
substances diffuse almost independently of one another, 
each at its own specific rate ; and in his second communi- 
cation he showed how this behaviour may be employed to 
separate mixed substances, inasmuch as that which diffuses 
more rapidly collects in the upper part of the diffusion - 
vessel, whfle the other remains behind. For example, a 
solution containing 5 per cent. NaOl and 6 per cent. Na2S04 
gave an upper layer, 90"6 per cent, of the salt in which 
consisted of sodium chloride. 

A systematic investigation of this question was con- 
ducted by C. Marignac^ in 1874. The object of this 
research was to estimate the relative diffusion-coefficients 



^ This relation is more dosely examined in a later chapter of the author's 
Lehrbtich. — Translator. 

> Ann, Chim. Phya. (5), 8, p. 546. 
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of two salts from measurements of the simultaneons difPa- 
sioa of the salts. The most considerable sources of error — 
currents caused by local differences of temperature, agita- 
tion of the liquid, &c. — affect both parts equally, so that 
they more or less disappear when the results are compared. 
Unfortunately, no general relation could be traced between 
the rates of diffusion of the single salts and the mixture^ 
except perhaps that the rate of diffusion of the salt which 
diffused more rapidly seemed to be increased. 

The arrangement of Marignac's experiments was similar 
to that formerly adopted by Graham ; the solutions were 
contained in wide-mouthed small glasses, which were 
placed in larger vessels containing water and having a 
capacity about 10 times that of the smaller glasses. 

Marignac tried to use the formula of Beilstein (p. 128) 
for calculating the results ; but the values thus obtained, 
as was to be expected, varied according to the duration of 
the experiments. Marignac then substituted an empirical 
formula,* putting in place of & = log. y^ —log (y^ — y) the 
expression k = log. y^ — log. {y^ — Si/), and thus obtaining 
the following formula for the proportion of the diffusion- 
constants of two salts 2 — 

^ - ^og' yp - log' (yp - %) 
y log.y'o-log. (j/'o-^O' 

The following table shows the applicability of this formula ; 
the column headed I. contains the direct proportion of the 
two salts in the diffusate, II. contains the ratio of the 
diffusion-coefficients calculated by the formula of Beilstein, 
and III. contains the same ratio calculated by Marignac's 
formula. The two salts, potassium chloride and potassium 
sulphate, were present in equal quantities. The numbers 
in column III. are to some extent constant. 

* The salt which diffuses out is here represented by y; as Beilstein 
used y to represent the salt which remained behind, Beilstein's y must be 
replaced by Marignao's y^—y- 
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Weight of 


Weight of 


Time in 


L 


each salt 


water 


days 


2-5 


50 


7 


•460 


1-7 


34 


8 


•494 


1-8 


86 


10 


•537 


1-7 


34 


11 


•556 


2-7 


54 


12 


•519 



IL 



•439 
•465 
•488 
•513 
•478 




Marignac also examined the question whether the 
proportion of the quantities of the two salts influenced the 
ratio of their diffusion-constants. The table which follows 
gives information on this point, and also on the influence 
of dilution ; the diffusing salts are BslCI^ and NaCl, and 
the diffusion-coefficient of NaCl is taken as unity. 

Sauf-contents in 100 Pabtb of Wateb 



BaCljiNaCl 


20 


15 


12*5 


10 


7^5 


6-25 


5 


3^75 


2-5 


1:4 






•605 






•621 








1:2 




•629 


— . 


— 


•628 


— 


... 


•645 




1:1 


•670 






•654 




— 


•653 


_- 


•658 


2:1 




•680 






•666 








— 


4:1 




— 


•649 




— — 


•659 









The influence of dilution is seen to be very smaU. A 
change in the proportion of the two salts affects the 
diffusion in the way that the salt which is present in 
larger quantity diffuses in advance of the other to a 
greater extent than corresponds with its quantity. This 
means, in general terms, that the salt which diffuses more 
rapidly is somewhat accelerated by the presence of the 
other salt, whfle the more slowly diffusing salt is much 
delayed. The differences are not great even for very large 
changes of the proportion between the salts, only amounting 
to about 6 per cent, for a change of 1 : 16 ; they may 
therefore be neglected in a first approximation. 

In other cases, however, dilution exerts a very marked 
effect. Three cases may be distinguished, for which the 
following rules hold good with certain exceptions. 

1. The proportion of the diffusion-coefficients (the 
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greater is always taken as s 1) increases with increasing 
dilation. This is the most common case; it holds good, 
for example, for those salts which contain the same metal. 

2. The proportion is michanged. This case occnrs 
most commonly for salts of the same acid, seldom for 
a mixture of salts of the same metal. 

8. The proportion decreases with increasing dilution. 
This case seldom occurs. 

In order to obviate as far as possible the changeable 
effect of dilution, dilute solutions containing 1*25 per cent, 
of the salt were generally employed. 

In accordance with the plan described above, Marignac 
allowed five pairs of salts to diffuse singly and also together, 
in order to arrive at the ratio of the diffusion-coefficients from 
the ratio of the quantities of salts which diffused simul- 
taneously. In the following table, r signifies the ratio of 
the diffusion-coefficients when the salts diffused separately, 
/ = the same ratio when the salts diffused together, r' xr 
= the ratio of these two ratios, and b = the ratio between 
the quantities of the same salt when diffusing with the other 
salt and when diffusing alone, and, therefore, the change 
in the diffusion-coe£Bicient brought about by the presence of 
the other salt. 





Separately 


Together 


r 


r' 


Txr* 


B 


fNaCl 
iNajSO^ . 
(KCl 
1 BaCl, 
fNaCl 
(BaCl, 
r K,804 . 
1 MgSO* . 

NaaS04 . 

MgSO^ 




•5833 
•3770 
•8560 
•8433 
•7142 
•6673 
•4745 
•2028 
•3767 
•2097 


•6054 
•2497 
•9276 
•4424 
•7883 
•5225 
•4378 
•1684 
-3420 
•1823 


1 

0-690 

1 

0-572 

1 

0-767 

1 

0-382 

1 

0*623 


0-352 
0-401 
0-668 
0-346 
0-502 


•696 
•701 
•882 
•903 
•960 


1-038 
0-662 
1-083 
0-814 
1-019 
0-921 
0-901 
0-830 
0-910 
0-869 



The proportion of the diffusion-coefficients determined 
by the simultaneous diffusion of the salts, /, is always a 
little smaller than that determined by separate diffusion ; 
r' : r is therefore always less than unity. The numbers 
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in column b show that the cause of this is to be found in 
the hastening of the diffusion of the more quickly diffusing 
salt, and the retardation of the diffusion of the more slowly 
diffusing salt ; in the two last combinations in the table 
both salts are retarded, but the more slowly diffusing salt 
is retarded more than the other. When the salts diffuse 
together they are separated firom one another more com- 
pletely, in reference to their rates of diffusion, than when 
they diffuse separately. 

I cannot give the whole of Marignac's very numerous 
measurements of the simultaneous diffusion of pairs of 
salts. But I append a series of tables which show the 
ratios of the diffusion-coe£Bicients of various salts; the 
numbers refer to 1*22 grams of salt in 100 grams of water ; 
the diffusion-coefficient of the salt at the head of each column 
is taken as unity. 

Potassium Sai/ts 





Nitrate 


Oarbonate 


Sulphate 


Chloride .... 


1-081 


2-369 


1-919 


Bromide 






1-091 


2-267 


__ 


Iodide • . 






1112 


2-267 




Permanganate 






•880 






Elnonde • 






•768 » 






Chromate 






•621 


1295 




Sulphate 






•661 


1135 


— 


Carbonate 






•494 






Perohlorate 








1-872 * 


1-486 « 


Chlorate . 






^^^ 


1-862 


1-464 



Chlorides 





Sodinm 


Potosdnm 


Potassiuni 
Ammonium 
Calcium . 
Barium . 
Mercury . 
Strontium 
Magnesium 
Hydrogen 








1-518 
1175 
•669 
•668 
•651 
•637 
•667 


•849 
•428 

8-389 



> 6 per cent. salt. 



s -9 per cent. salt. 
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NrrsATES 



Hydrogen 

Ammonium 

Potassium 

Silyer 

Lead 

Calcium . 

Strontium 

Magnesium 



Potassium 



3^649 
1000 



Sodlmn 



1-543 
1-197 
•081 
•674 
•666 
•632 









Sulphates 








Potassimn 


Sodium 


Magnesimn 


Manganese 


Hydrogen 

Potassium 

Ammonium 






2101 
•973 
•386 

•285 


1-437 

•533 
•531 
•492 
•475 


1 1 ll 


•971 


Manganese 
Magnesium 
Zinc 

Copper . 
Aluminium 



The most important result to be drawn from the 
numbers in these tables is that the rates of diffusion of the 
acids are related to those of the metals so that all the salts 
of any specified acid always follow in the same order, 
whatever the acid may be, and so also, all the salts of any 
metal follow in the same order, independently of the nature 
of the metal. The following table may be constructed to 
show the order of the diffusion-coeflScients : — 



Cl, Br, I 

NO, 

C10„ CIO4, MnO^ 

F 

CrO^ 

SO4 
CO, 



H 

K, NH4 

Ag 

Na 

Ga, Sr, Ba, Pb, Hg 

Mn, Mg, Zn 

Cu 

Al 



This table exhibits a great resemblance with a corre- 
sponding table showing the conductivities of salt-solutions.^ 

> These conductivities are fully discussed in a later chapter of Ostwald's 
Lehrbuch.— Translator. 
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12. Theory of fhe phenomena of diiRudon. — It has been 
pointed out already that we must regard the osmotic 
presBore of the dissolved substance as the impelling force 
in the phenomena of diffusion. As osmotic pressure is 
proportional to concentration, it follows at once that the 
rate of diffusion, which is conditioned by the difference 
between the osmotic pressures in two adjacent layers, must 
also be proportional to the difference of the concentrations, 
as it is stated to be in Fick's fundamental law. W. Nernst ^ 
was the first to attribute the phenomena of diffusion to the 
osmotic pressure; the following method of calculation is 
due to him. 

In a diffusion-cylinder of area q let a portion, a;, be 
measured off along the axis, and let the osmotic pressure 
in this portion be p. Then the pressure of the quantity of 
substance in the cross-layer qd x v&'-qdp. If c is the 
concentration, i.e. the quantity of substance in gram- 
molecular weights in unit- volume (1 c.c), then the 
quantity of substance in the layer qdx is cqdx^ and 
therefore the total pressure on 1 gram-molecular weight 

is — ^-f = — • -5^. Let K be the force which com- 
cqdx c dx 

municates a velocity of 1 centim. per second to 1 gram- 
molecule of the substance in solution. Then putting s as 
the quantity of substance, measured in gram-molecules, 
which passes through the area q, by reason of the difference 
of pressure, dp, in. the time z, the value of s is given by 

the equation 

qzdp 

Kdx 

If Pq is the pressure in a solution of unit concentration, 
then p =Pq c, and therefore 

^__qzpo dc 
K dx 

» Zeitschr. /. physikal. Chemie, 2, p. 613 [1888]. 
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Fick's law takies the form 

, dc 
s = ^ kqz ^y 

ax 
from which it follows that 

E 

As the difiFasion-coefficient is generally referred to one 
day as the unit of time, it must be divided by 86,400 to 
reduce it to the second as the unit. Therefore 



86400 K 

The pressure p^ is obtained from the volume occupied 
by 1 gram-molecule of oxygen, i.e. 82 grams, at 0° and 760 
mm. pressure; this volume is 22,876 c.c. To compress 
this gas at f to the space of 1 c.c. a pressure of p^ = 22,876 
(1 + at) must be used. The fact that Boyle's law does 
not hold good at such pressures as this is of no importance 
here, as we are concerned with it only for the purpose of 
calculation. 

Bemembering that 1 atmosphere is equal to a weight of 
1'033 kilo., we obtain the following expression for the force 
in round numbers : — 

k 

Substituting the experimentally determined value of k, 
we obtain the force which acts on 1 gram-molecule. For 
instance, Schefifer found k = '81 for urea at 7*5** ; hence 
K = 2-5 X 10» kilos. 

The force which must be used to drive 1 gram- 
molecule— 60 grams — of urea (CO.NgH^ = 60) through 
water with a velocity of 1 centim. per second has the 
enormous value of 2,500 million kilograms. The cause of 
the enormous friction which opposes the movement of the 
molecules is to be sought for in the very great number of 
the molecules* When a mineral is ground to fine dust, we 
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know that the force of gravity, which communicates to the 
whole piece a velocity of 980 centims. per second, does not 
now produce a velocity of more 'than, say, 1 centim., 
because of the friction of the air. To cause the former 
velocity it is necessary to employ a force equivalent to ten 
thousand times the weight of the dust, assuming that the 
velocity increases in proportion to the force. It is thus 
easy to conceive how enormously the friction to be over- 
come must increase in the case of a division so great as 
that into individual molecules, especially when it is 
remembered that the friction of the medium (water) is 
very great. 

The foregoing discussion applies to substances which 
remain undivided when dissolved. It will be shown here- 
after that this provision does not apply to salts. The theory 
of the diffusion of salts is therefore much more compli- 
cated than that of the diffusion of indifferent substances. 
It is especially to be noted that electrical forces come into 
play in the diffusion of salts, or, speaking generally, of 
electrolytes ; the corresponding theory will therefore find its 
proper place in a later chapter.^ .Mention must, however, be 
made here of the fact that Fick's law can be deduced from the 
corresponding observations made with salts in very dilute 
solutions, so that the experimentally proved apphcability of 
the law is there also in unison with the theory now 
developed. 

Finally, the question regarding the nature of osmoticN 
pressure^ which is the cause of the phenomena of diffusion, 
is to be answered by looking to the kinetic energy of the 
molecules of ^the dissolved substances, just as the cause of 
the pressure of gases, with which osmotic pressure corre- 
sponds in its numerical relations and in all other relations 
expressible by general laws, is sought for in the kinetic 
energy of the gaseous molecules. For, as the molecules of 
the solvent in the interior of the solution act equally in all 

^ This subject is discussed in the second volume of the Lehrbuch, — 
ThwuliUor, 

L 2 
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directions on each molecule of the dissolved substance, 
these molecules are all free to move as if there were, on the 
whole, no action upon them. Hence it follows that the 
kinetic energy of the molecules of the dissolved substance 
is equal to that of the gas at the same temperature ; and, 
moreover, as the kinetic energies of the molecules of the 
dissolved substance and of the solvent must agree, because 
these molecules are in immediate contact, it follows also that 
the kinetic energy of the molecules of the Hquid must, on 
the whole, be the same as that of gaseous molecules at the 
same temperature. 

/^The question concerning the hypothetical exposition of the 
cause of osmotic pressure is, however, of Kttle importance at 
present. The development of the conclusions which follow 
from the fact of this pressure, and from the knowledge of 
its numerical laws, has already furnished such a multitude 
of important results, and now points the way to so many 
more of equal importance, that the need of a hypothetical 
exposition of the cause of the pressure has not been felt. 
Such a need would arise only if the immediate consequences 
were exhausted, and if a vantage-point for further advance 
were to be gained by a special hypothetical treatment of 
the fundamental facts. But we are as yet far from this 
position. 

^ 18. Homogeneousness of solutions. — Should adjacent por- 
tions of a solution be of different concentrations, then, 
inasmuch as the osmotic pressure acts throughout, an 
impulsion of the Uttle particles of the dissolved substance 
must take place in the direction of equahsing the differences 
of concentration, and this must continue until the solution 
has become completely homogeneous. Agreeably with this 
statement, experience teUs that the dissolved substance is 
always found perfectly equally distributed in any solution, 
after some time. 

The question has sometimes been mooted whether ' the 
specifically heavier salt-particles ' might not be expected to 
show a tendency to gather together in the lower part of the 
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solution under the influence of gravity. This supposition 
was made more especially by Beudant/ on the ground that 
crystals were foimd to have separated at the bottom of a 
flask containing an unsaturated solution which had been set 
aside in a cupboard. Gay-Lussac, however, found that no 
separation of solid occurred from salt solutions in tubes 
1 m. long after standing for six months in the cellars of 
the Paris Observatory ; ^ the under layers had » exactly the 
same composition as the upper layers. At a later time 
doubt was thrown on this result by Bischof, but the 
experiments which he brought forward were not free from 
objection.^ Lieben ^ showed, somewhat later, that no sepa- 
ration occurs either with solutions of solids or of gases. It 
is therefore certain that homogeneous solutions are not 
changed to a measurable extent by the action of gravity. 
Gouy and Chaperon^ have examined the same question 
recently, using a thermodynamic method. Their reasoning 
cannot be given here ; the result is that gravity has no 
influence on the contents of the solution, provided the 
density is not changed by a small change of concentration. 
If the solution becomes denser with increasing concentra- 
tion the lower layers become more concentrated, and vice 
versd; the first case is much the more common. The 
amount of action is very small; the following numbers 
represent the approximate values, by calculation, of the 
differences between the uppermost and undermost layers of 
various salt-solutions in tubes 100 m. long : — 



Substance ! Under layer 


Upper layer 


Differenoe 


Solution of cadmitim iodide . . ^166 
„ sodium acetate . . •200 
„ „ chloride . . •IIO 
„ sugar . . . . ! ^550 


•159 
•196 
•1095 
•546 


•013 
•004 
•0005 
•004 



» Arm, Chim. Phys, (2) 8, p. 15 [1819]. « IMd. 11, p. S06 [1819]. 

' Lehrbuch der Chem, wnd phya. OeoL 8, p. 1712. 

« Armalm, 101, p. 77 [1857]. 

" Arm. Chim. Phya. (6) 12, p. 384 [1887]. 
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The differences are so small that their experimental 
demonstration is hardly practicable. 

The case is different when the parts of a homogeneous 
liquid are at different temperatures ; a change in the 
distribution of the dissolved substance occurs, in the 
direction that the solution becomes more concentrated in 
the colder than in the warmer part. This fact was made 
certain for the first time by C. Ludwig.^ After him K. 
Holler thought he had found a change under similar 
conditions but in the opposite direction. Finally Ch. 
Soret ^ made a more thorough examination of the subject. 
The upper part of a tube filled with a salt-solution was 
maintained at 80^^, and the under part at 20'' ; after 50 to 56 
days the contents per 100 parts were as follows : — 

Potassium Chloride 



Warm 


Cold 


Ratio 


2319 
1671 
11-86 

9-83 




24-89 
1794 
1252 
10-54 


•0682 
•0684 
•0541 
•0679 



The numbers headed * ratio ' express the differences be- 
tween the contents of the two parts of the solution divided 
by the contents of the colder part. The ratio is constant, 
except in the third experiment where there is probably an 
e!xperimental error. Similar results were obtained with 
solutions of sodium chloride, lithium chloride, and nitre ; 
the dissolved salt was always concentrated in the colder 
portion of the solution. 

The theory of these phenomena was pointed out by 
van 't Hoff.^ As the osmotic pressure increases in propor- 
tion to the absolute temperature, diffusion must occur in 
Soret's experiments from the warmer to the colder parts 
until the osmotic pressure has become the same in both 

> Wun. Akad, Bet. 20, p. 539 [1856]. 

2 Awn. Chim, Phys, (5) 22, p. 293 [1881]. 

* Zeitschr, f. physikdl, Chemie, 1, p. 487 [1887]. 
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parts, and therefore the concentration must vary in- 
versely as the absolute temperature. The absolute tem- 
perature of the lower part was 278 + 20=293'', and that 
of the upper part was 353** ; the ratio of these numbers 
is 1'205 ; the ratio of the concentrations, 1*068, was 
found to be three times smaller. The conclusion is 
that the diffusion in the long tube had not completed the 
process of separation. It is also to be noted that the 
concentration was not determined at points of constant 
temperature, but the whole solution was divided into two 
parts ; this would of course have the effect of decreasing 
the differences. The results of observations with copper 
sulphate agreed much better with the theory. These were 
as follow : — 



Worm 


Cold 


Ratio 


14-04 
23-87 


17-33 

29-87 


1-234 
1-252 



The ratio found by experiment is here greater than that 
deduced theoretically (1-205), but the appHcability of the 
theory is somewhat doubtful by reason of the great con- 
centrations. The question certainly deserves a thorough 
experimental examination. 

14. Crystalloids and colloids. — In one of his communi- 
cations, which has been already referred to, Graham 
pointed out the very marked differences that are noticeable 
in the rates of movement of different substances through 
water. The free acids and bases come first in order, and 
they are followed closely by the neutral salts. There are> 
however, a number of substances the diffusion of which 
is very much slower ; examples of these substances are 
furnished by gums, tannin, albumin, and caramel. The 
annexed table shows approximately the times required for 
the equal diffusion of the various substances named : — 



Hydroohlorie aoid . 


. 1 


Magnesium sulphate 


. 7 


Sodium chloride 


. 2-33 


Egg albumin . 


. 49 


Sugar^ . 


. 7 


Caramel . 


. 48 
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The two groups of substances which differ so much as 
regards diffusion differ also in other respects. Those 
which diffuse rapidly are generally known in the crystalline 
form, whereas the others are amorphous. Those of the 
first group dissolve in water with more or less marked 
changes of temperature; they raise the boiling-points, 
lower the freezing-points, and generally exert a marked 
influence on the properties, of their solutions. The others 
do not exhibit all these properties : their solutions are 
mechanical mixtures rather than compounds. Graham 
distinguished these two classes by the names cri/ataUoids 
and (iolioids. 

Colloidal substances are able to exist in two modifica- 
tions, the soluble and the coagulated or pectinised. The 
change from the soluble to the pectinised form generally 
occurs spontaneously by lapse of time ; in most cases it may 
foe produced by the ^addition of certain substances which do 
not seem often to exert any definite chemical action. 

Silicic acid, alumina, ferric oxide, &c., are among the 
substances which may be obtained in the colloidal form ; 
the details concerning these substances do not concern us 
here. 

The most important property of colloids, as regards our 
present subject, is that they oppose no marked hindrance to 
the diffusion of crystalloids, hut they are more or less imper- 
meable by other colloids. If, therefore, a mixture of crystal- 
loidal and colloidal substances is cut off from pure water 
by a colloidal membrane of a different kind, the crystalloids 
will diffuse into the water, but the whole of the colloids will 
remain behind. Graham applied the term dialysis to 
processes of this kind. Very different substances may be 
used as the colloidal separating membrane ; animal bladder 
and parchment-paper are the most convenient. 

We may look on separating colloidal membranes as 
those the interstices of which are large enough to allow the 
passage of the smaller molecules of crystalloids, while they 
stop the passage of the larger molecules of colloids. 
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16. Osmosis. — It has been remarked at the beginning of 
the last chapter that the phenomena of diffusion which 
appear when a porous membrane is present attracted atten- 
tion and were investigated much earlier than the simpler 
phenomena of free diffusion. Dutrochet tried to measure 
this kind of diffusion; he covered a small glass, which 
was furnished with a long neck, with a bladder, poured in 
a liquid, and placed this * osmometer ' in the other liquid. 
The height to which the inner liquid rose was regarded by 
Dutrochet as a measure of the 'osmotic force.' It is 
evident that this arrangement could not lead to accurate 
measurements, for the phenomena which it was wished to 
examine were interfered with irregularly by the filtration of 
the hquid under the pressure of the raised column. 

Yierordt constructed an apparatus with a membrane 
placed vertically and with aji invariable pressure. 

The earUer experhnenters who busied themselves with 
the phenomena of diffusion through membranes were 
aware that there are two streams setting in opposite direc- 
tions through the separating membrane, and that these 
continue until complete equality has been established. 
JoUy ^ investigated the question whether a definite relation 
prevails between the quantities of the substances which 
pass through the membrane in different directions ; he 
arrived at the conclusion that for each quantity of sub- 
stance (e.g. a salt) which passes out, a proportionate 
quantity of the exterior hquid (e.g. water) passes in. 

Jolly said that if a tube is ' closed by a piece of bladder, 
a specified quantity, about 2*4 grams, of common salt is 
placed inside, and the whole is suspended in water which 
is frequently removed, water collects in the interior of the 
tube, and the quantity of water increases imtil it becomes 
10*36 grams, after which it remains constant. In this 
experiment 2*4 grams of common salt are replaced by 10*86 
grams of water, or 1 gram by 4*32 grams of water. The same 
result was obtained if an indeterminate quantity of water 

» Pogg, 78. p. 261 [1849]. 
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was added to the salt at the beginning of the experiment, 
or if a solution of the salt was used ; the water which was 
present at first behaved indifferently, and 4*8 grams more 
water entered for every 1 gram of common salt which passed 
outwards. The quantity of water which thus replaced sodium 
chloride — the ' osmotic equivalent * — was calculated by Jolly 
from different experiments to be 4-82, 4-58, 8*99, 8-82, 4-85, 
4*09. Jolly conducted similar experiments with the sul- 
phates of sodium, potassium, magnesium, and copper, also 
with acid potassium sulphate, sulphuric acid, potash, 
alcohol, sugar, and gum. 

Jolly's conclusions were soon contradicted. C. Ludwig ^ 
repeated the experiments, but he failed to find any * osmotic 
equivalents ' ; he found, on the contrary, that the propor- 
tion of the quantities of salt which passed out to the water 
which passed in depended very notably on the original 
concentration. The direction of this dependence varied 
for different salts; for instance, the 'osmotic equivalent* 
of Glauber's salt was greater the more dilute the solution, 
while for common salt the * equivalent * decreased as dilu- 
tion increased. 

C. Eckard^ examined this question more thoroughly 
He showed that the ' osmotic equivalent ' depends on the 
nature and the condition of the membrane. This obser- 
vation removed the problem entirely to the domain of 
physiology ; since Eckard's work it has been considered 
almost wholly from that standpoint. 

The processes which take place with membranes of the 
nature of animal bladders stand midway between the purely 
osmotic phenomena which were described in the preceding 
chapter and those of pure diffusion. They approach osmotic 
processes in so far as the membrane hinders the outflow 
of the dissolved substance. But this hindrance is not 
complete ; the movement of the substance through the 
membrane is only very much lessened in proportion to that 
of the water ; it is by no means stopped. An osmotic rise 

» Pogg. 78, p. S07 [1849]. « Ibid, 128, p. 61 [1866]. 
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of pressure results, but does not reach its proper value. 
At the same time a diffusion through the membrane takes 
place, but much more slowly than in water ; the contents 
of the * osmometer ' are thus diluted continuously until the 
movement stops. It is evident, then, that the properties 
of the membrane play a decisive part, and that the 
phenomena are therefore removed from the class of events 
which concern us at present. 
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CHAPTEE Vn 

r 

VAP0UR-PRBSSURE8 OF SOLUTIONS 

1. Historical. — The fact has been known for a long time 
that water which holds non-volatile matter in solution boils 
at a higher temperature than pure water. Experiments 
were made many years ago to measure the influence of the 
dissolved substance on the boiling-point of water ; Faraday * 
in 1822, and Griffiths ' in 1824, made determinations with 
a number of salts. Some years later Legrand ^ carried out 
a great many similar measurements, but without arriving 
at any general law. 

This method of attacking the problem, it is true, is the 
^ first to suggest itself, but nevertheless it is not the most 
rational. To determine the boiling-point is to determine 
the temperature whereat the vapour-pressure of the solu- 
tion is equal to that of the atmosphere ; the influence of 
the dissolved substance is therefore measured by the 
increase of temperature which is needed to coimterbalance 
exactly the decrease of vapour-pressure. Now, as the exact 
connexion between the changes of vapour-pressure and the 
changes of temperature is unknown, it follows that the 
explanation of the results obtained by experiments such 
as those referred to is attended with difficulties. 

The problem was reversed by Gay-Lussac and Prinsep ; 
these investigators measured the pressures at equal tem- 
peratures, instead of the temperatures at equal pressures. 
Gay-Lussac found 'the vapour-pressure of a solution of 

> Awn. Chim. Phys. (2) 20, p. 324. < Journal of Science, 78, p. 90. 
' Ann, Chim. Phys. (2) 59, p. 423 [1835]. 
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common salt, of spec, gravity 1*096, to be -^ that of pure 
water, and Prinsep asserted that this relation was main- 
tained at all temperatures. 

The whole subject of the decrease of vapour-pressures 
caused by solution of salts was taken up by von Babo. 
The original memoirs are not accessible to me ; I gather 
from the abstracts ^ that he expressed the relation between 
the quantity of salt in solution and the excess of the vapour- 
pressure of water over that of the salt-solution by t^o geo- 
metrical series. From experiments with calcium chloride, 
and subsequently with many other salts, he concluded that 
the relation is the same at all temperatures. 

2. Work of WttUner.— The investigations of Wullner * 
concerning the vapour-pressures of solutions, and especially 
salt-solutions, began in 1866. The apparatus consisted of 
several glass-tubes, closed above and connected with one 
another by canals in an iron plate. Each tube contained 
mercury and a few cubic centimetres of the salt-solution to 
be examined ; one tube contained mercury and pure water. 
The whole apparatus was immersed in a bath which was 
maintained at a constant temperature. When the pressures 
were sufficiently diminished, the differences between the 
pressures of the salt-solutions and the pressure of the 
pure water could be directly determined by reading the 
levels of the columns of mercury. The general result 
arrived at by Wullner may be expressed by saying that the 
diminution of the vapov/r-pressure of water caused by sub- 
stances dissolved therein^ which svhstances do not themselves 
exert any noticeable pressu/re at the temperature of the experi- 
ment, is proportional to the quantity of substance in solution. 
It does not matter whether the substance be a single salt or 
a mixture of salts. 

Wullner was able to confirm the statement of Prinsep> 
that the ratio of the vapour-pressures of water and solu- 

> JahreaberichU, 1848-1849, p. 93; 1857, p. 72. 

* Dissertation, 1866. Pogg, 108, p, 529 [1858] ; 106, p. 85 ; 110, p. 664 
[1858-60]. 
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tions is independent of the temperature only in special cases 
— e.g. for sodium chloride and Glauber's salt, and, somewhat 
strangely, for several mixtures of salts, the constituents of 
which mixtures, Wiillner said, did not themselves exhibit the 
simple relation in question. A dependence of the ratio upon 
temperature was established in the cases of many salts ; 
sometimes the ratio increased, and sometimes it decreased, 
as the temperature rose. Putting v as the decrease of the 
vapour-pressure caused by solution of 1 part of a salt in 
100 parts of water, and p as the vapour-pressure of pure 

water, then the ratio - was found by Wiillner to be con- 

V 

stant for sodium chloride and Glauber's salt, but not to be 
constant for other salts, Wiillner represented the relation, 
empirically, as a function of the pressure p ; he gave the 
following formulae : — 

NaOl V = -00601 P 

NajSO^ « 00236? 

NaNO, = -00315 P + 000000907 P« 

KCl = -00390 P + -000000638 P« 

KjSO* - 00383 P - 0000019 P« 

KNO, = -00196 P + -00000108 P« 

E0H.2H,0 = 003820 P - -00000432 P^^to 63» 

» -002863 P from 53« to IW 
NaOH.2HjO = -0040iB9 P 
OaCly 6HjO = -002474 P - -000000522 P« 

In the cases of potash, soda, and calcium chloride it was 
necessary for Wiillner to regard the quantities of water 
expressed in the formulsB given above as in chemical 
combination with the compounds in order to bring the 
results within the law of proportional increase of vapour- 
pressure. Other compounds which generally crystallise 
with water of crystalUsation — e.g. NaaS04, NiS04, CaCNPj)^, 
and NajHP04 — behaved as anhydrous salts. Most of 
the deviations from the simple law which Wiillner noticed 
may perhaps be attributed to errors in his measurements, 
so that the law cannot be regarded as finally and conclu* 
sively established. 
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No definite connexion was traced by Wiillner between 
the diminutions of the vapour-pressures of the solutions 
and the other properties of the salts examined ; this might 
be foreseen from the observation, already noticed, that the 
vapour-pressures were influenced by changes of tempera- 
ture in a very irregular way. Nevertheless, if the diminu- 
tions of vapour-pressure are referred to quantities related 
to one another in the proportion of the molecular weights of 
the dissolved compounds, and not to equal quantities, as was 
done by Wiillner, one cannot fail to notice an approximate 
constancy in these * molecular ' diminutions of vapour- 
pressure.^ I have calculated these diminutions, approxi- 
mately, for the vapour-pressures at 100*^. Solutions con- 
taining one molecular weight, in grams, of the following 
salts, in 1,000 grams of water, showed the diminutions of 
vapour-pressures which are noted : NaCl = 27, Na2S04 = 
26, NaN03 = 25, KCl = 24, K^SO^ = 82, KNO3 = 22, 
KOH.2H2O = 19, NaOH,2H20 = 22, CskCl^SIlfi = 85. 
These numbers show a rough approximation. Some of the 
values — for instance, the small number for potash — may 
perhaps be ascribed to inaccuracies in the estimations of 
the percentage contents of the solutions. 

I append a few examples, taken from the very large 
collection of experimental data, in order to illustrate the 
relations which have been sketched. 

Sodium Ghlobide 



Temp. 


p 


5 p.ct. 


10 p. ct. 


20 p. ct. 


30 p. ct. 


Mean. 
1 p. ct. 


V 

p 


19-9° 


17-88 


0-98 


1-47 


^^. 


4-06 


•149 


•0086 


35-0 


41-82 


1-79 


311 




8-13 


-30 


•0072 


49-8 


91-09 


2-84 


5-81 


11-36 


18-20 


•62 


•0068 


64-8 


185-27 




9-88 


21-46 




1-09 


•0059 


82-2 


388-33 




21-58 


46-20 




2-24 


-0058 


100-5 


775-40 




44-90 


92-41 


— — 


4-45 


•0057 

1 



^ This inference was drawn by me in 1883, when I was preparing the 
first edition of my Lehrbuchf part i. of which appeared in January 1884. 
The same conclusion was established; with certain necessary limitations, 
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POTASSZUH KmUTE 



Temp. 


p 


5p.ct. 


10 p. ct. 


SO p. ct. 


35p.ct. 


Mean. 
lp.ot. 


V 


38-4° 
660 
100 
1980 


50-38 
155'13 
369-28 
776-48 


•49 

1-88 

4-43 

11-29 


-99 

3-56 

7-88 

2121 


1-88 

6*52 

16-00 

40-46 


2-38 

8-31 

19-60 


-099 
•33 
•81 
216 


•00196 
•00213 
^00220 
•00277 



Calcium Ghlobide 



Temp. 


P 


1 
15*8 p. ct. ; 


34-4 p. ct. 

•97 


83*5 p. ot. 


Meaa.lp.ot. 


V 

p 




16-20° 


13-71 


-50 


2-80 


•032 


•00233 




40^66 


66-71 


2-68 


4-96 


11-56 


•144 


•00254 




60^00 


148-79 


6-28 


11-26 


26-70 


•340 


•00228 




80-60 


363-43 


11-94 


2701 


68-18 


•806 


•00222 




99-30 


741-28 


23-00 


53-95 


133-51 


' 1-682 


•00214 





If the mean values, given in the last column but one, 
are multiplied by the numbers expressing percentages placed 
at the heads of some of the other columns, the results agree 
to a few millimetres with the observed numbers, and so 
confirm the law of proportionality within these limits. 
But as the diminutions of vapour-pressure are themselves 
rather small, the accuracy of this confirmation of the law 
is not very great. 

Wiillner found extremely complicated relations in the 
examination of solutions which contained several salts 
simultaneously. The diminution of vapour-pressure was 
frequently equal to the sum of the diminutions caused by 
the single salts ; in other cases it was different from this 
sum. No relation could be discovered between the change 

of the ratio — with change of temperature for mixtures 

p 

and for their constituent salts ; the only regularity which 

could be traced was that of the proportion between the 

decrease of vapour-pressure and the total quantity of 

very soon afterwards by the work (to be noted immediately) of Tammann, 
Baoolt, and others. I have reprinted the text, as above, from the first edi- 
tion, without ohange. 



VAPOUR-PEESSURES OF SOLUTIONS 161 

substance in solution. Here also it may be asked how much 
of the observed deviation ought to be ascribed to errors 
of experiment. 

8. More recent investigations. — In the year 1879 Pau- 
chon ^ threw doubt on the relation between the vapour- 
pressures and the contents of salt-solutions which had been 
put forward by Wiillner. Pauchon represented the decrease 
of vapour-pressure calculated for a 1 per cent, solution, 
dy as a function of the vapour-pressure of pure water, 
<^, by an expression having the form d = a<l} + b(f}\ 
This expression held good to SS"*. The two constants a 
and b were dependent on the concentration. For KCl, 
NaCl, KNO3, ^^^ K2SO4, a increased, and for Na2S04 it 
decreased, as temperature increased. 

A few years later Tammann published an extended 
investigation into the subject of the vapour-pressures of 
salt-solutions; this investigation led him to a conclusion 
similar to that stated on p. 159, viz. that the molecular dimi- 
nutions of vapour-pressures caused by similar salts have 
nearly equal values. Tammann's experimental method was 
simpler and more appropriate than the older method. The 
solution was placed in one limb of a U tube which was 
nearly filled with mercury ; the air was removed by boiling 
the liquid, and this limb was closed by the blowpipe. The 
other limb was connected with a manometer and an air- 
pump, and the U tube was immersed in a bath maintained 
at a convenient temperature. The vapour-pressure of the 
solution was found by reading the level of the mercury 
in both limbs and the manometer, after the pressure had 
been adjusted to a convenient amount. The vapour- 
pressure of water was determined by simultaneous observa- 
tions made with a U.tube properly arranged with pure 
water in place of the salt-solution. 

A comparison of the observations made at difiEerent 
concentrations confirmed the statement of Pauchon that 
Wiillner's law of proportionality is not strictly accurate. 

» Cont^L rend. 89, p. 762. 

M 
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The sulphates of sodium, ammonium, and magnesium (the 
last with 6H2O), BaCl2.2H20, and ammonium bromide 
agreed with the law within the Umits of experimental error ; 
but the relative diminutions of vapour-pressure were found 
to increase for most salts as the concentrations increased ; 
the vapour-pressures, however, decreased for nitrate of 
sodium and potassium and chlorate of potassium ; in some 
cases an increase of vapour-pressure was succeeded by a 
decrease, as concentration increased. 

If the molecular diminution of vapour-pressure, deter- 
mined for the most dilute solution of each salt, is pat 

as « = ^""^^ M, where jp = the vapour-pressure of water, 

j?i = the vapour-pressure of the solution, m = the percentage 
composition of the solution, and m = the molecular weight 
of the salt, the following table is obtained : — 





/S 




s 


KCl . 


•330 


NH^Br .... 


•302 


KBr 






•322 


FeS04.6Hj0 . 






•147 


KI 






•312 


CUSO4.6H2O . 






•132 


KF 






•343 


NiS04.6H,0 . 






•132 


ESON . 






•327 


O0SO4.6HJO . 






•121 


Kffl04 . 






•347 


ZnS04.6HsO . 






•122 


KNO3 . 






•302 


MnS04.6HjO . 






•109 


KCIO, . 






•260(?) 


MgS04.6H,0 , 






•143 


K,00,.ljH20 . 






•391 


BeS04.4H,0 . 






•141 


KjCrO^ . 






•409 


A1,(S04),.18H,( 


> \ 




•209 


BbCl . 






•321 


NaCl . 






•344 


CsCl 






•345 


NftBr . 






•369 


NH4CI . 






•273 


Nal 






•338 


UfiO^MS\ 






•348 


Na,804 . 






•337 


BaCl2.2H20 






•467 


NaNO, . 






•302 


SrCly6HjO 






•406 


NaClO, . 






•307 


Ca01j.6BL,0 






•422 


Na,CO, . 






•389 


MgCl8.6HjO . 






•460 


Na,SA . 






•384 


BaBrs-aHsO , 






•606 


LiC1.2H^ 






•369 


BrBr^-eHaO 






•460 


LiBr.2H,0 






•367 


OaBr2.6HjO 






•613 


LiL3H,0 






•347 


MgEr^eHgO . 


•604 

1 


LiNO,.3H20 . 


•377 



The numbers are not perfectly comparable, as they 
were determined for concentrations differing somewhat from 
one another; nevertheless they show that chemically similar 
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salts certainly produce nearly equal molecular diminutions 
of vapour-pressure. 

4. Investigations of Emden. — While all previous observers 
were fairly agreed in saying that the ratio between the 
vapour-pressure of a solution and that of pure water varies 
with temperature, they differed as to the direction of this 
variation. Wiillner found that the proportional lowering 
of vapour-pressure produced by sodium chloride was con- 
stant at all temperatures; Tammann found a decrease, 
and Fauchon an increase, in the proportion consequent on 
raising the temperature. 

Emden ^ turned his attention especially to this part of the 
subject. To ensure accurate measurements Emden used an 
experimental arrangement, proposed by Konowaloff,* con- 
sisting essentially of a three-limbed tube, fitted with stop- 
cocks, which allowed of the easy and complete expulsion of 
air from the liquid under examination. Different solutions 
of sodium, potassium, and calcium chlorides, sodium and 
potassium nitrates, and potassium copper and zinc 
sulphates were employed. Especial pains were devoted to 
the difficult task of avoiding the constant errors. To 
determine whether the law of von Babo, which asserts that 
the vapour-pressures of water and solutions are always ui 
the same proportion, was valid or not, interpolation-for- 
mulae were employed of the form suggested by Magnus, 

bt 

2> = a 10 ^'^. If this equation holds good for water, and 

b't 

a similar equation, jp' = a' 10 *^^S holds for the salt-solution, 

and if the ratio j? : p' is independent of the temperature, then 
the temperature-function must disappear from the quotient 

bt 

a 10 *"*■' 

^ that is, b must = V and c = c' ; hence it follows 

a' 10^"+^ 

that p : p' =^a : a'. 

The calculations were made by finding whether the ob- 

> Wied. Arm. 31, p. 145 [1887} * Ihid, 4, p. 34 [1881]. 

M 3 
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served numbers were in keeping with an expression of the 

a t 

form, j?' s= a' 10 * "^ ', where a and b were the constants of the 
formula for water, viz, a = 7-47787 and b = 236*57. This 
formula was found to apply within the 'limits of the experi- 
mental errors. Hence there is nothing against the statement 
that the law of von Babo is valid tuithin the temperature-interval 
20° to 96°. 

An examination of Wullner's statement showed, as 
former examinations had shown, that this statement is only 
approximately accurate, and that the values obtained for p 
show deviations in both directions from the calculated 
values, depending on the nature of the salt examined. 

5. Vaponr-pressnres at low temperatures. — The method 
made use of in the investigations which have been described 
consisted essentially in measuring the vapour-pressure of the 
liquid under examination by means of a column of mercury. 
While this process gives very satisfactory results at high 
temperatures, it is almost quite inapplicable at low tempera- 
tures; for the vapour-pressure of water is equal to only 
•4 centim. of a column of mercury at 0**, and to 1*74 
centims. at 20*^, The decrease which is caused in the 
vapour-pressure of water by solution of a salt seldom 
amounts to more than one-tenth of the value of the 
pressure of the water ; this would amount only to '04 cen- 
tim. at 0"^, which is nearly as small a quantity as can be 
determined by measuring the height of a column of mercury. 
But measurements of the vapour-pressures of solutions of 
salts at low temperatures are of especial interest, because 
these values are often used as the foundations of theore- 
tical discussions. 

Moser^ conducted experiments with the object of 
determining these values. He partly filled one U tube with 
water, and another with a salt-solution ; each limb of both 
tubes was furnished with stopcocks, and they could be 
brought into communication with one another. When the 
air had been removed, the apparatus wa^ kept for a long 

> Wied. Ann. 14, p. 72 [1881]. 
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time at a constant temperature, one limb of the water-tube 
being in communication with one limb of the tube which 
contained the salt-solution ; the differences of the levels of 
the liquids in the two tubes gave the lowering of the vapour- 
pressure, the specific gravity of the salt-solution being 
taken into consideration. As the differences of pressure 
were read off in terms of a column of water, the errors of 
reading exerted an influence on the result thirteen times 
less than when mercury was used. 

The results obtained by Moser agreed with those of 
Wiillner. 

A similar arrangement, which seems to have advan- 
tages over that just mentioned, was described by G. J. W. 
Bremer.^ This consisted of several (e.g. four) small flasks, 
with a tube bent into the form of a syphon ground into the 
neck of each. The longer under limbs of the syphon- 
formed tubes were connected by a cross-piece, which carried 
an additional wider tube, connected in its turn with a 
large pipette by means of a piece of thick-walled caoutchouc 
tubing. Water was poured into one of the flasks, and the 
salt-solutions into the others ; the syphon-formed tubes were 
set in their places and were made tight by pouring mercury 
around the parts which fitted into the necks of the flasks ; 
the large pipette was partly filled with olive-oil, and the air 
was then pumped out of the whole apparatus through the 
open end of the pipette. After the temperature had been 
made equal, the difference between the vapour-pressures of 
the solutions and that of pure water was determined by 
properly adjusting the pipette, and reading the levels of the 
columns of oil in the longer limbs of the syphon-formed 
tubes. As the liquid used as a manometer-fluid was olive- 
oil of spec, gravity -9276 (1 — -000708 1) the readings were 
about fifteen times more accurate than those of a mercury- 
column. Several experiments with solution of calcium 
chloride agreed well among themselves^ 

Quite a different process, applicable at low temperatures, 
was put forward by von Helmholtz.* If the air in a speci- 

> Bee. trav. Pays^Bas, 6, p. 122 [1887]. ' Wied. Ann. 27, p. 568 [1886]. 
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fied space is suddenly rarefied, this adiabatic process results 
in a decrease of temperature which can be calculated by a 
well-known thermodjnamical formula. If the air is si- 
rated with water-vapour, the lowering of temperature, cor- 
responding with the smaller expansion, suffices to produce a 
cloudiness. If the air is in contact with a salt solution, it 
is not saturated as regards water, and a decrease of pres- 
sure of corresponding amount is required to bring about 
such a fall of temperature as shall cause saturation, and 
therefore the formation of a cloud. Beference must be 
made to the original memoir for details, and for the method 
of calculation. Experiments were conducted with solutions 
of sulphuric acid and common salt ; the first gave results 
which agreed well with those obtained by Eegnault ; the 
results for common salt differed from those of Wullner. 

Finally, J. Walker ^ has made determinations of the 
vapour-pressures of salt-solutions at low temperatures by a 
method proposed by me. The method consists in slowly 
passing a stream of air through a system of three Liebig's 
bulbs, and a \J tube containing pumice soaked in sulphuric 
acid. The first and second bulbs contain the solution which 
is being examined, and the third contains pure water. As 
the air streams through the first and second bulbs it takes 
up a quantity of water corresponding with the vapour-pres- 
sure, by far the greater part of this being taken from the 
first bulb, the solution in the second bulb indeed undergoing 
no notable change. In passing through the third bulb, 
which contains water, the air takes up water- vapour suffi- 
cient to saturate it ; and finally the whole of the water 
which the air contains is given up as it passes over the 
pumice moistened with sulphuric acid. The loss of weight 
of the bulb containing water, and the gain of weight of the 
absorption-tube, are determined after the experiment has 
continued for a long time, generally for twenty-four hours. 
The proportion of these two gives immediately the relative 
lowering of the vapour-pressure of the salt-solution ; for as 

> Zeitschr. f. physikal Chemie, 2, p. 602 [1888}. 
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much water is taken up by the air from the water-bulb as 
corresponds with the difference of the vapour-pressures over 
the solution and over pure water, while the total water given 
up to the sulphuric acid is a measure of the vapour-pres- 
sure of pure water. The method rests on the suppositions 
that the vapour-pressures of water and the salt-solution are 
the same in air as in vacuo, and that water-vapour obeys the 
law of Boyle : the investigations of Begnault have shown 
both suppositions to be permissible. 

The results obtained by this method are given in the 
table which follows. The parts of the dissolved substance 
per 100 parts of water are given under g ; c gives the mole- 
cular lowerings of vapour-pressure, i.e. the relative lowering 
of vapour-pressure brought about by one molecule of the 
substance dissolved in 100 molecules of water. The values 



a 



m 



of c are obtained by the formula c = - . - ^ 

•^ « 18 X ^ 



, where a 



s= loss of weight of the bulb which contained water, « = 
gain of weight of the sulphuric acid tube, m s molecular 
weight of the dissolved substance, 18 =s molecular weight of 
water, and g =& percentage contents of the solution. 





9 


c 


e (Emden) 


NaCl .... 


5-96 


207 


212 


f* 








18-60 


2-18 


2-14 


tt < 








32-265 


2-29 


2-26 


EGl 








7-66 


2-02 


1-81 


NH4CI , 








6-697 


1-99 


2-08 


NaNO, . 








8-791 


1-97 




KNO, 








11-222 


1-61 


1-66 


CaOl, . 








11-386 


3-30 


3-39 


SrCl, 








16-002 


3-28 


— 


BaCl^ 








21-443 


3-00 


— 


MgCl, . 








4-791 


8-57 




»» 








9-691 


401 




ZnCl, 








8-624 


3-45 




ZnSO^ 








17-889 


1-26 


1-44 


CaS04 








16-061 


1-43 


1-26 


C0(NBy, 






6-667 


111 




>» 






13-333 


1-07 




»» " 






26-667 


0-91 


— 


Ci»H«0„ 






38000 


1-30 


— 


HjCjO^ . 


> . • 


5-000 


1-58 


— ~ 
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The last column contains the values of c calculated from 
Emden's results : the two series of values for c agree fairly 
well. The observations made with solutions of common 
salt of different concentrations bring out the fact, which had 
been noticed repeatedly, that more concentrated solutions 
of this salt exhibit relatively greater lowerings of vapour- 
pressure than more dilute solutions. 

Other methods might be proposed, besides those noticed^ 
for determining the vapour-pressures of salt-solutions at low 
temperatures; especially might the use of a sensitive 
hygrometer be suggested. But no investigations in such 
directions have been made known as yet. 

6. Investigations of Baonlt. — The attempts made to ad- 
vance our knowledge of the laws which express the vapour- 
pressures of dilute solutions were greatly hindered by the 
circumstance that water was the only solvent used by the 
older investigators, and that compounds belonging to the 
class of salts alone were examined. But it is just in the 
cases of salts, and almost in these cases only, that deviations 
occur from the simple laws which were soon arrived at 
when the investigation was extended to other substances 
and other solvents. 

The first investigations of this kind were conducted by 
Baoult.^ He used ether as the solvent, and employed the 
barometric method for measuring the vapour-pressures. 
The following general results were obtained. 

Influence of temper atu/re. — The ratio ^ ~^ has the 

same value between 0® and 20** ; p = vapour-pressure of 
pure ether, jp*= vapour-pressure of an ethereal solution. 

The relative lowering of vapour-pressure, ^ "^ , is there- 
fore independent of temperature. 

Influence of concentration. — For solutions of medium 
concentration the relative lowering of vapour-pressure, 

^""^ , is proportional to concentration. If flf = the weight 

* Compt rend. 108, p. 1125 [1886]. 
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of dissolved substance in 100 parts of ether, and m =the 
molecular weight of the dissolved substance, the expression 



c= ^PJH^ 



:/ 



m 



P 



. — gives the molecular lowering of vapour- 



pressure. 

Infjuence of the nature of the dissolved substance. — The 
molecular lowering of vapour-pressure is independent of 
the nature of the dissolved substance. The following table 
exhibits the validity of this law. 







m 


c 


Carbon hexachloride 


C,C1, 


237 


•71 


Turpentine 


O10H18 


136 


•71 


Methyl salicylate . 


0«HA 


152 


•71 


Methyl azocuminate 


C,«H^NA 


382 


*68 


Cyanic acid . 


CNOH 


43 


•70 


Benzoic „ . . . 


c^A 


122 


•71 


Trichloracetic acid 


C2C13H02 


163-6 


•71 


Benzaldehyde 


C,H.O 


106 


•72 


Caprylic alcohol 


C«H,«0 


130 


•73 


Cyanamide 


CN2H2 


42 


•74 


Aniline .... 


C«H,N 


43 


•71 


Mercuric ethide 


C4H,jag 


258 


•69 


Antimony chloride . 


SbCl, 


228-5 


*67 



Although the nature of the substances in solution varies 
much, yet the molecular lowerings of vapour-pressure show 
only very small differences. 

The first of the foregoing statements made by Baoult is 
identical with the statement of von Babo (p. 167), and the 
second is identical with that of WiiUner (p. 157). Eaoult's 
third statement agrees with that put forward by me (p. 159) 
so far that the nature of the dissolved substance seems to 
be without influence when ether is the solveiR, but when 
aqueous solutions of salts are examined different molecular 
lowerings of vapour-pressure are observed, and these are 
dependent on the type to which the salt belongs. 

At a somewhat later time, Eaoult ^ was led to another 
law which had not been observed before. This law 
expresses the relative lowerings of vapour-pressures observed 

• Cwnpt. rend. 104, p. 1430 [1887]. 
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in different solvents. The hwerings of vapour-presswres of 
solutions in different solvents are equal when the 'proportion 
of the nwmber of molecules of the dissolved substance to the 
number of molecules of the solvent is the same. 

Twelve solvents were chosen, and many different 
substances were dissolved in these. If the relative lowerings 
of vapour-pressures are calculated for one molecule of each 
substance in 100 molecules of the solvent, the following 
numbers are obtained : — 





Molecular weight 


Molecular loweringof 
yapour-preasure IdOO 


Water 


18 


•0102 


Phosphorus trichloride . 






137-5 


•0108 


Carbon disolphide . 






76 


•0105 


Carbon tetrachloride 






154 


•0106 


Chloroform . 






119-6 


•0109 


Amylene 








70 


•0106 


Benzene 








78 


•0106 


Methyl iodide 








142 


•0106 


Methyl bromide 








109 


•0109 


Ether . 








74 


-0096 


Acetone 








58 


•0101 


Methyl alcohol 








32 


•0103 



If w = the number of molecules of the dissolved sub- 
stance, and N = the number of molecules of the solvent, then 



P 



N 



where c is a constant the value of which falls between '96 
and 1-09. 

7. Other methods of formnlatiou. — The deviations from 
proportionality between the relative lowering of vapour- 
pressure and the quantity of substance dissolved in 100 
parts of the solvent, which had led Baoult to confine the 
statement of his law to medium concentrations, induced 
him to adopt a more complicated formula/ which he 
afterwards abandoned in favour of another method of 
calculation'^ adapted to the special experiments. The 

> Compt rend. 104, p. 976 [1887]. 

' Zeitaohr. f. physikdl. Chemie, 8, p. 363 [1888]. 
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following consideration will show that the foregoing formula 
is only applicable to solutions of small concentration. If 
we put = 1, the equation takes the form 

p "" N ' 

If n = N, i.e. if the number of the molecules of solvent 
and dissolved substance is the same, then 



P-P^ 



P 



= 1, 



and hence p^ must := . That is, the vapour-pressure of 
a solution containing an equal number of molecules of 
solvent and dissolved substance must be nil; but this is 
against the experimental facts. 

The actual relations are said by Baoult to be expressed 
very accurately by slightly changing the form of the 
equation : — 



p N + W 

This expression does not assert the relative lowering of 
vapour-pressure to be proportional to the ratio of the 
number of molecules of the dissolved substance and the 
solvent, but it says that the relative lowering of vapour- 
presswre is proportional to the ratio of the number of molectdes 
of the dissolved substance to the total number of molecules in 
the solution. The factor of proporcionality is nearly equal 
to unity. 

It is easy to see that this formula does not lead to 
conclusions which are contradictory to the facts. If n 

increases, the fraction always remains less than one, 

and y therefore always retains a finite value. It is only 
when n is infinitely large compared with n, i.e. when no 
solvent is present, that p' becomes equal to zero. 

The foUowing measurements made by Baoult ^ (taken 

' ZeUachr. /. phyHkdL Ch^rw, S, p. 353 [1888]. 
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from his memoir of 1888) show that the formula leads to 
results which are in agreement with those observed with 
more concentrated solutions : — 



TUBPENTINE IN EtHEB 



i^n:„ 


P 






ObBerved 


Calculated 


6-9 
121 
23-4 
35*5 
47-9 
64-5 


60 
11-9 
21-9 
32-4 
43-8 
57-9 


5-3 
10-9 
211 
320 
431 
680 



The numbers under 'Calculated' are obtained by assuming 
that c = -90. 

NiTBOBENZENB IN EtHEB ; C = *74 



/cn>^ n:„ 


100 P-P' 
P 






Obsenred 


Calculated 


60 
17-9 
35*5 
53-2 
75-9 
84*0 


6-5 
14-2 
25-6 
380 
55-6 
64*5 


4*4 
18-2 
26*3 
39-4 
56-2 
62-2 



Aniline in Etheb; c»*90 



1^ N+n 


100 ^-^' 
P 


 




Obeeryed 


Calculated 


3*85 
7-7 
14-8 
20-6 
49-6 
68-7 


40 
8-1 
16-4 
19-7 
42-4 
69-6 


3-4 
6-9 
13-3 
18-4 
44-6 
61*8 
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Ethtl Benzoate in Etheb; c»*90 



/^ K^„ 


100 P-P' 
p 






Obsenred 


Calculated 


4-9 
9-6 
27-1 
630 
76-6 
94-4 


61 
9-1 
24*8 
47-1 
70-0 
87-6 


4*4 

8-6 
24-4 
47-7 
67-9 
86-0 



These numbers show that the formula represents the 
results even to very great concentrations (the last solution of 
ethyl benzoate contained less than 8 per cent, ether to 97 per 
cent, of the dissolved substance) ; but the fact must not be 
overlooked that the dilute solutions always gave larger 
values than those calculated by the formula. The value of 
the constant, c^ which is generally about *9, approaches 
unity for those solutions which are of medium concentra- 
tion. If the numbers given on p. 169, which refer to one 
molecule of the dissolved substance in 100 parts by weight 
of ether, are calculated to 100 molecules of the solution, 
the numbers obtained clearly approach the value '01 ; the 
same result holds good for the numbers in the table on 
p. 170. The factor, c, may, then, be taken as 1 for dilute 
solutions ; the formula becomes, 

^ — p' ^ n 

p N + 71* 

The decrease of vapour-pressure produced by the dissolved 
substance is related to the vapour-pressure of the solvent 
as the number of molecules of the dissolved substance is 
related to the total number of molecules. 

8. Applicatious. — It follows from the foregoing statement 
that the measurement of the lowering of vapour-pressure 
can be used as an aid in finding the molecular weight of a 
substance. If the molecular weight of the substance in 



> 
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solution, m, is unknown, the number of molecules in solution 

may be put as^, where « = weight of substance dissolved 

m 

in one molecular weight of the solvent (all weights being 

expressed in grams). Then putting n s — , and n = 1, in 

m 

the equation ^-^^^ = , and solving this equation for m, 

jp N + n 

it follows that m = ^^ . . For instance, Baoult examined 

a solution of 11*846 grams turpentine in 100 grams ether ; 

he found p' = 86*01 centims. and jp =s 88*8 centims. As 

the molecular weight of ether is 74, the value of » was 

11-846-. Qonc I, 8-896x86*01 ,o« a 
74 = 8*896 ; hence m = ^ = 182. As 

lUO A'liu 

the actual molecular weight of turpentine-oil is 188, the 
value found by this method is sufficiently near the true 
value. 

This method makes it possible to find the molecular 
weight of any substance which dissolves in a volatile sol- 
vent. As before the introduction of this method, only the 
molecular weights of those substances which were gasi- 
fiable without change could be determined, the sphere 
within which determinations of molecular weights can be 
made has been very much extended. It becomes, then, a 
matter of much importance to find a certain and accurate 
process for measuring the vapour-pressures of solutions. 

Baoult made almost exclusive use of the immediate 
method of determining vapour-pressure by placing the 
solution over mercury in the barometric vacuum. I do not 
give the details of procedure which Baoult ^ lays down as 
giving satisfactory results. All the ' statical ' methods of 
measuring vapour-pressure, i.e. the methods which consist 
in determining the pressure of the vapour given off by a 
solution, labour under two disadvantages. One is, that the 
portion of the solvent which becomes vapour is proportion- 

Zeitschr. f, physikdl. Cheftme^ 2, p. 853 [1888].. 
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ately very small; should any more volatile impurity be 
present, e.g. an absorbed gas, this passes into the vapour 
and increases the pressure to a disproportionate extent. 
The second disadvantage is that the equilibrium between 
the vapour and the solution is dependent on the nature of 
the solution only in so far as this is in contact with the 
vapour. If the solvent should evaporate superficiaUy at 
the beginning of the experiment, a more concentrated layer 
will be formed, and the vapour-pressure will be too small. 
On the other hand, if any of the vapour should be con- 
densed by some diminution of the space, a superficial layer 
of the pure solvent will be formed, and the vapour-pressure 
will be too large. G. Tammann has very carefully studied 
and clearly indicated the influence of both these conditions 
on measurements of vapour-pressures.^ 

E. Beckmann ^ has also fully examined the difficulties of 
the statical method, in his attempts to develop a methodical 
process for determining molecular weights on the basis of 
measurements of vapour-pressures. The difficulties caused 
Beckmann to abandon this method. A method which was 
partially statical alone gave fairly good results ; the error 
due to the presence of air was diminished by making the 
space containing the vapour large, and the changes of con- 
centration at the surface of the solution were rendered 
harmless by agitating the liquid. The pressure of the 
vapour was not measured directly, but was obtained from 
the weight of liquid which evaporated. The small flask 
E (fig. 22) was filled with ether and weighed accurately. It 
was then connected with the flask a by means of the tube 
p, which was ground into the neck of js. Before the 
experiment began a partial vacuum was produced in a ; 
this vacuum was measured by the manometer c. It was 
not necessary to remove the whole of the air from a, but 
only to produce a partial vacuum by the use of a good 
water-air pump ; but care had to be taken that the remaining 

» m^i. ^nw. 82, p. 688 [1887]. # 

* Zeitschr. /. physikal, Chemie^ 4, p. 582 [1889]. 
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air should have exactly the same pressure in each experi- 
ment. On opening the stopcock s, a quantity of ether, a, 
was evaporated; this depended on the temperature of e 
and A, and was measured by re-weighing e. A second ex- 
periment was then made with a solution, care being taken 
that the temperature of e did not vary more than -01^ from 
what it was in the first experiment, and a smaller loss of 






Fig. 22 



weight, a\ was found. Now as the quantities a and a' are 
proportional to the pressures 2) and p\ under the conditions 
observed, a and a' may be substituted in the equation given 

8 cJ 

Some measurements 



on p. 174, and we have m = 
gave the following values : — 



a^ a 



>• 





a 


a' 


t 


m 
found 


m 
calculated 


Camphor 
Aniline . 
Ethyl benzoate 


1-5754 
1-5754 
1-6764 


1-5086 

1-4785 

' 1-4829 


7-35 
6-04 
9-26 


157 

87 

141 


152 

93 

160 



The observed molecular weights are sufficiently near the 
calculated values. 
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The process given by me, and described for aqaeoas 
solutions on p. 166, exemplifies the change to the dynamical 
methods. As the process is frequently required for finding 
the molecular weights of organic compounds, and as aqueous . 
solutions of these compounds are rarely obtainable. Will and 
Bredig ^ have worked out a process for alcoholic solutions 
which differs from that described on p. 166 chiefly in that 
the quantity of solvent evaporated is not determined by 
absorption, but from the loss of weight of the apparatus. 
Dry air is led, by an aspirator, through a bulb-apparatus 
containing the solution, and then through a similar ap- 
paratus containing pure. alcohol. The loss of weight in 
the first apparatus, b^, corresponds with the vapour-pressure 
p^, and the loss of weight in the second apparatus, b^, 
corresponds with the vapour-pressure p — p'. The formula 
for calculating the molecular weight is then 

sb. 

To insure the complete saturation of the air with alcohol- 
vapour, each bulb-apparatus was furnished with 9 bulbs ; 
both were placed in large water-baths, the tempera- 
tures of which were kept equal. The current of air was 
maintained for 24 hours, at the rate of about 1 litre per 
hour. Some of the results are given in the following 
table : — 



1 


h^ 


6a 


41 


m 
foand 


m 
oalnulated 


Nitrobenzene . 


2-034 


•0684 


122 


123 


Acetamide 


•6073 


•0626 


604  


68 


69 


Benzoic acid . 


1-8816 


-0731 


4-28 


107 


122 


Atropine . 


1-467 


-027 


6-06 


276 


289 


Yanilline . 


1-6895 


•0312 


2-4 


130 


162 



This method is thus shown to be applicable for laboratory- 
purposes. 

> BerichU, 82, p. 1084 [1889]. 
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9. Beokmaim's boiling-method. — In place of determining 
the vapoar-pressures of solutions at equal temperatures, it 
is evidently possible to find the temperatures at which the 
vapour-pressures are equal. If the general form of the 
curve of vapour-pressure of the solvent is known, it is easy 
to calculate the vapour-pressure of the solvent which 
corresponds with the higher boiling-point of the solution, 
and thus to obtain the data needed for calculating the mole- 
cular weight of the dissolved substance. 

The calculation is sufficiently simple. Let the curve of 
vapour-pressure of the solvent be dd (fig. 28), the tempera- 
tures being taken as abscissa 
and the pressures as ordinates. 
The part of the curve which 
corresponds with the observed 
small difference of tempera- 
ture may be taken as a 
straight line ; then putting 
t^ = boiling-point of the sol- 
vent, fj = boiling-point of the 
* solution, 2?' = 6 = atmospheric 



P 



. 



tt. 



1 'X 



PiQ 28 pressure, jp becomes 6 + )8r 

^ r-=.^}, where fi = the tan- 
gent of the angle which the curve of vapour-pressure forms 
with the axis of abscissae at the place under consideration, 
i.e. at mean atmospheric pressure. 

There are several ways of finding /8. If the curve of 
vapour-pressure of the solvent has been determined by 

separate experiments, the value of /S = -^-^ can be ob- 
tained by an interpolation-formula or by a graphical 
method. Or measurements may be made of the corre- 
sponding boiling-points at the greatest possible differences of 
barometric pressure — which must be measured accurately 
— and the value of fi may then be found by the equation 

V — V 
= -p — -y^ , where V and 6" are the barometric readings 
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and t' and V* are the boiling-points. Arrhenius^ has 
shown that use may also be made of the formula of the 

dynamical theory of heat ^ = ^, where p = heat of 

vaporisation, ^ = volume occupied by the saturated vapour, 
and T = the absolute boiling-temperature. Beplacing v 
by its value from the gas-equation j? i; = r t, the formula 

obtained is -^^ = ^^. Now if molecular quantities are 

(v t R T 

considered, b = 2 cals. ; and in this case p must be taken 
as the molecular heat of vaporisation. Hence 



')9 = 



- PP . 



2t2' 



by this formula ^ is found from measurements of the heat 
of vaporisation, the pressure, and the absolute boiling- 
temperature. This formula can give altogether correct 
results only when the supposition on which it depends is 
fulfilled, viz. that the equation for gases pv = b,t is 
applicable to the vapour under examination. The specific 
gravity of the vapour is generally greater than that which 
the formula leads to, and therefore corresponding deviations 
occur. 

The first formula -^ = -^ does not imply the validity 

of the equation for gases ; but it is very difficult to obtain 
accurate values for the volume, v, of the saturated vapour. 
The greatest difficulty in the procedure lies in the 
estimations of temperature. The differences of tempera- 
ture are very small; this difficulty may be got over by 
using very delicate thermometers. But the temperature 
of the boiling-liquid must be determined, not that of the 
vapour; and it has been recognised since Budberg's 
researches that the temperature of a liquid boiling under 
ordinary conditions varies considerably. This variability 
depends on the production of bubbles of vapour within the 

1 Zeit8chr,f. phyaikah ChemUy 4, p. 550 [1889]. 
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warm liquid ; the capillary pressure within the bubbles is 
added to the external pressure to be overcome ; when the 
bubbles are small the - capiUarj pressure becomes very 
coQBiderable. The boiling of a liquid under ordinary condi- 
tions is, therefore, 
a constant process 
of oscillation be- 
tween overheating 
and Eiudden forma- 
tion of vapour, 
and these changes 
are accompanied 
by corresponding 
movements of tem- 
perature. 

Beckmann' has 
overcome these dif- 
ficulties. The re- 
tardation of boiling, 
and the bumping 
consequent there- 
upon,were obviated 
by fixing (by the 
help of fusible 
glass) a small piece 
of stout platinum 
wire in the bottom 
of the small boiling- 
flask. The boiling 
then takes place 
exclusively from the 
piece of platinum, 
because of the very 
much greater 
thermal conductivity of the metal, and bumping is avoided 
. entirely. To prevent local differences of temperature, the 

' Ztiiachr. f. phyiikeU. Chemie, 4, p. 639 [1889]. 
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bottom of the boiling-flask was covered with a layer, which 
was a few centimetres deep, of coarsely powdered material 
such as glass beads or common garnets. The babbles of 
vapour produced in the Uquid pass through this layer, and 
thereby acquire a temperature which is so nearly equal to 
that of the liquid that no oscillations of temperature can 
be detected by the most delicate thermometer in a liquid 
boiling under these conditions. 

Beckmann's apparatus is represented in fig. 24. The 
boiling-flask, shown at A, has three necks, and is furnished 
with the device for aiding boiling, s; one neck carries a 
thermometer ; another, B, is attached to a reversed con- 
denser ; and the third, (7, serves for the introduction of the 
substance. An experiment is conducted by placing a dry 
layer of garnets in A, adding a weighed quantity of the 
solvent, arranging the thermometer and condenser, and 
causing the liquid to boil quietly by a flame placed in a 
piroper position. When the thermometer-reading has be- 
come constant) the temperature is noted, and a weighed 
quantity of the substance under examination is introduced 
by C. The temperature quickly rises, and after five to ten 
minutes it reaches its maximum-point, whereat it remains 
stationary. 

The calculation is made most simply by taking into 
consideration the changes of pressures which are pro- 
portional to the changes of temperature. By applying the 

formula ^ ""^ = — — to a solution of one molecule of 
p N -h n 

the substance in 100 molecules of the solvent, the change 

of pressure is obtained to a hundredth part of its value, at 

the mean atmospheric pressure of 760 mm. One hundred 

times the temperature-difference which corresponds with 

this pressure-difference may be called the molecular raising 

of boiling-point. For instance, the value of this for ether 

is 28*44, i.e. one molecule of a substance dissolved in 99 

molecules of ether raises the boiling-point of the latter by 

•2844°. Putting S as the molecular raising of boiling-point. 
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the unknown molecular weight of a substance, g grams of 
which are dissolved in one molecular weight, i.e. in 74 grams, 
of ether, is obtained from the equation, 

where A = the observed raising of boiling-point. The 
constant S may be referred to 100 grams, instead of to the 
molecular weight, of the solvent ; the calculatidh is thus 
slightly simplified. 

It is most convenient, in actual practice, to determine 
S empirically by conducting an experiment with a substance 
of known molecular weight. 

The experiments which Beckmann conducted with the 
view of finding the molecular weights of iodine, phos- 
phorus, and sulphur, may be taken as examples of the 
application of the method.^ Absolution of 1*066 grams 
iodine in 80*14 grams ether produced a rise of the boiling- 
point equal to •296*'. The quantity of iodine dissolved in 

1*065 
74 grams ether was therefore -^rz^zr-^ x 74 ; and, as S ==; 

o0*14 

28*44; the molecular weight was, 

cio AA 1*065 X 74 rtc-i 
m = 28*44-—-— — ^^^ = 251. 

30*14 X -296 

The formula 1^ corresponds with the molecular weight 254. 
The molecular raising of boiling-point for carbon di- 
sulphide was obtained as follows. Andrews found the heat 
of vaporisation of 1 gram GS^ to be 86*72 cals., the 
molecular heat of vaporisation is therefore 6,598 cals. In 

the formula .^ = j^^ , or d f = — . -^ , t is equal to 

at 2t* P P 

278 + 46 = 819 ; and therefore 2 t^ = 208,522 ; hence d t 

= 80*9 -^ . For one molecule of the dissolved substance 
P 

in 100 of the solvent, we have^ = ?JZ^ = _?L_ = -01 ; 

p p N + W 

> Zeitschr. f, physikal, Chemie, 5, p. 76 [1890]. 
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hence to obtain the one hundred times greater molecular 
raising of boiling-point, as defined above, we must put 

^ = 1 ; then S = 80-9. 

Beckmann found that 1*4475 grams phosphorus in 
54*65 grams carbon disulphide raised the boiling-point by 
•486^ Hence, 

m = 80*9-^^^^^, = 128. 
54*65 X *486 

The molecular weight of phosphorus as determined from 
the vapour-density = 124. Hence the molecular weight of 
phosphorus dissolved in carbon disulphide is the same as 
that of gaseous phosphorus. 

The values obtained for the molecular weight of sulphur 
in carbon disulphide varied between 245 and 815. The 
formula S^, which had been generally adopted as the maxi- 
mum molecular formula for sulphur, gives the molecular 
weight as 192 ; the numbers found by Beckmann point to 
the formula Sg == 256. At any rate, these measurements 
show that the high specific gravity of sulphur vapour 
at a red heat is not caused only by deviations from the 
gaseous laws, but by the existence of complex molecules. 
Beckmann' s results make it probable that the composition 
of these molecules is to be represented by the formula Sg 
rather than by Sg ; and experiments conducted recently by 
Hertz,^ by the method dependent on the lowering of the 
freezing-point of a solution (see next Chapter), confirm the 
formula Sg. 

10. Theoretical considerations. — The similarity between 
he laws of the diminution of vapour-pressure and those 
of osmotic pressure (both magnitudes are proportional to 
concentration, and are equal for equimolecular solutions) 
suggests the question whether these laws are not causally 
connected. That the connexion is indeed causal was first 
pointed out by van 't Hofif.^ In place of the thermodyna- 

> ZeiUch/r, /. physikal, Chemie, 6, p. 858 [1890] . 
« lUd. 1, p. 494 [1887]. 
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mical demonstration employed by van 't Hoff I give here a 
process of deduction, communicated by Arrhenius/ which 
is more easily followed. 

Let there be a vessel of the shape of an inverted funnel, 
closed beneath by a semi-permeable membrane ; let this 
vessel be filled with the solution L (fig. 25), and let it stand 
in another vessel, F, containing the solvent only ; finally let 
the whole arrangement be covered by a bell-jar, within 
which a vacuum can be produced. The solution will be in 

equilibrium with the outer liquid when 
the pressure, which is exerted by the 
column h O, is equal to the osmotic 
pressure. Now the solvent evaporates 
at (t, and the solution at h. The vapour- 
pressure of the solution at h must be 
equal to the pressure which the vapour 
of the solvent possesses at the same 
place, for if it were greater or less than 
this, liquid would either evaporate or 
condense at h ; but in either case the 
pressure on the semi-permeable mem- 
brane would alter, and liquid would 
escape or would enter; this process 
would proceed endlessly; a perpetual motion would be 
produced, and this is impossible. 

The pressure which the vapour of the liquid F must 
exert at h is equal to the vapour-pressure of the solvent 
diminished by the weight of a column of vapour of the 
height h G. The vapour-pressure of the solution must be 
equal to this pressure. 

Let us now assume the laws of osmotic pressure to be 
given. The solution contains n molecules of the dissolved 
substance and N molecules of the solvent. The osmotic 
pressure is equal to the pressure which the dissolved 
substance would exert were it present as gas in the given 
space ; this pressure is given by the equation pv ^ti-rt; 

* Zeit8chr,f,physikal. ChemU, 8, p. 115 [1889]. 
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it is p = ^^^ , where R = 84,700, and T is the absolute 

V 

temperature. To find t?, we pay regard to the fact that 
the N molecules of the solvent weigh M N, where M = mole- ' 

cular weight, and occupy the volume — , where s = spe- 

o 

n. TL *r 8 

cific gravity of the solvent. We thus obtain p = . 

The height, h, of the column of solution, which corresponds 
with this pressure, is given by the equation p = h s\ where 
«' = specific gravity of the solution. If we regard solutions 
so dilute that their specific gravities do not differ substan- 
tially from that of the solvent, then «' may be replaced by 

^m T> fn 

8y and we have, h = . As MN is equal to the weight 

MN 

of the solvent in which are contained n molecular weights 
of the dissolved substance, the statement may be put 
thus : — ^the osmotic ascent is independent of the nature of j 
the solvent for solutions of equal contents. 

As regards the pressure which is exerted by a colunm of 
vapour of the height %, it was already shown that the 
vapour-pressure of the solution/^ is smaller than that of 
the solvent. Putting the latter as /, then /' = / — A d, 
where d = density of the vapour. This value may also be 
found from the formula 2> i; = b t ; p, which is the pressure 
of the vapour, is equal to/; and, as the formula is referred 

to one molecular weight of the vapour, d is equal to — . 

V 

Hence we obtain d = -^ . 

BT 

Finally, by substituting in the equation/' ^f-^dh the 
values h = V^ and d =-^, we obtain f =/ fl - -Y 

MN BT \ N/ 

or ^- — /— = - . 

The formula*^ — J— = was obtained (p. 178) from 

/ N + n ^ 

the experiments of Baoult. The difference depends on the 
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fact that these experiments were made with solutions of 
limited concentrations, while the calculations are made for 
infinitely small concentrations ; as a matter of fact, if n is 
very small compared with N, both formulae give the same 
result. 

11. Limited concentrations. — If the contents of a solu- 
tion are not very small, the osmotic ascents become very 
considerable. The pressure in a normal solution which 
contains one gram-molecular weight of dissolved substance 
per litre amounts to about 22 atmospheres, and corresponds 
with an ascent of more than 220 metres. For such heights 
the pressure of the vapour can no longer be put as simply 
equal to d h, but the density d must be considered as vari- 
able with the height. We must, therefore, put dp =:d.dh, 

and integrate from to h. li d= ~ is replaced by 
the value - =s ?i^ , it follows that — . -? = d /t ; or, by 

1? R T ^ p 

integrating, A = — I ^, where Pq^ the pressure for /i=0 

— i.e. for the surface of the outer liquid — and p^ = the 
pressure at the height h in the osmometer : the first of these 
is the vapour-pressure, /, of the solvent, the second is the 
vapour-pressure, f, of the solution. By substituting this 
value for h in the equation which gives the height of the 

column of liquid, viz. h = , we have 

M N 

Writing ^ 4 in the form I (l + '^ "7/ j , and considering 

that / — /' is small compared with /', the logarithm may 
be developed in a series 

,(i+z-n)=/p/'_i(jw:).+ .... 
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or, breaking off at the first term. 

This expression may be transformed into 
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/ 



n 
N + w* 



This, which is the empirical formula of Baoult, is thus 
deduced by general reasoning. 



n 



If the formula Z -. = -^ is applied to the measurements 

/ N 
of Baoult, given on p. 172, a fair agreement is found for the 
numbers for dilute solutions, but the numbers for concen- 
trated solutions depart much from the calculated numbers. 
For example, the solutions of turpentine in ether give the 
following results : — 



n 


"f 


n 

N 


"f 


•0627 
•1877 
•3056 


•0619 
•1278 
•2473 


•5504 
•9194 
1-817 


•391 
•676 
•865 



tions where — < '1 ; as the calculation is simple enough, it 



The formula cannot be expected to hold good for more 
concentrated solutions, to which the assumptions made in 
deducing the formula are not applicable. This formula, 
however, gives better results than that of Eaoult for solu- 

n 

N 

may be employed for such solutions in place of Baoult's 
formula. 

12. Solutions of salts. — The laws which have been 
developed for solutions of indifferent substances in various 
solvents do not apply to solutions of salts in water. A 
solution of the composition EGl + 100 H^O, instead of 
showing a lowering of vapour-pressure of '01, as re- 
quired by the law, shows a lowering about double this. The 



188 



deviations are still gre&ter for salts of the type of barium 
chloride ; this is seen by the numbers given on p. 162. 
Deviations of this kind are not exhibited by all aqaeons 
solutions. Solutions in water of indifferent aubstancoB, 
such as m-ea, show normal diminutions. Walker fonnd 
■0091, in place of -01, for CON,H« + 100 H,0; andRaonlt 
showed that aqueous solutions of indifferent substances 
obey the law (p. 170). 

Moreover, these deviations are not a constant peculiarity 
of salt-solutions. Solutions of salts in alcohol behave like 
all other substances and give normal diminutions of vapour- 
pressure. Itaoult,' who made a special investigation of this 
matter, gave the following table : — 



ButtsUnoe 


ForarnU 


Lowertnuof 




NaClO. 


■0098 


PoUBsinin aoeUte . 








•0100 


Soainm ethjlate . 






C^0Na-8C^,0 
LiBr5(S,0 


■0106 


Lithium ohlonde . 






-0104 


Lithium bromide . 






■0104 








KSCN 


•0106 


Caloium nitrate 








■0099 


Calcium chloride . 






1^0 


•0099 


Mercaric cyanide . 








■0110 


Thymol . 








•0106 


Picric Mid . . 








■0103 










■0097 


Ethyl saUcylate . 








■0097 


EthVl bensoate 








■0094 








■0100 


Na^tbitlenc 




■0091 



The last column contains the molecular lowerings of vapour- 
pressures, for the proportion 1 : 100 molecules; they do 
not deviate much on either side from the theoretical value 
■01 ; it is especially to be noted that the salts do not 
behave at all differently from the organic compounds which ' 
are placed towards the end of the table. 

The especial peculiarity under congideration is evidenUp 
confined to aqueous solutiom of salts (to which may be added 

' Compt. rend. 107, p. 442 [1388]. 
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the strong adds and bases). The behaviour of these sub- 
stances is as if the solutions contained a considerably 
greater number of molecules of the dissolved substances 
than corresponds with their formulae, i.e. as if the substances 
in solution were broken up into smaller molecules. 

The solutions which exhibit these deviations from the 
laws of vapour-pressure possess another characteristic 
peculiarity : they, and only they, are good conductors of 
the electric current, and they conduct electrolytically, i.e. 
the movement of electricity is accompanied by a movement 
of ponderable particles which are called ions. By ions is 
understood the constituent parts of salts, acids, and bases, 
viz. on one side, the metals, the metal-like radicles such as 
N H4, and hydrogen, and on the other side, the halogens, 
the acidic radicles such as NO3 or SO4, and hydroxyl. The 
positive electricity moves along with the first-named, or 
positive, ions ; while the negative electricity accompanies 
the second, or negative, ions. The consideration of these 
relations, along with the deviations from the laws of 
vapour-pressure, leads to the supposition that in their 
aqueous solutions the substances in questions, i.e. the electro- 
lytes y are already separated for the most part, into their ions. 
This conclusion was arrived at by Arrhenius ; ^ the conclu- 
sion, it must be admitted, is, to some extent, opposed to the 
views which generally prevail, but it is in agreement with 
quite a remarkable number of facts.^ 

The relations in question are similar to those which are 
observed in the cases of so-called 'abnormal vapour-densities.' 
The same difficulties which formerly prevented chemists 
from representing to themselves the existence of un- 
combined ammonia and hydrochloric acid in the vapour of 
sal ammoniac, now militate against the supposition that, 
e.g. potassium and chlorine can exist side by side in a 
solution of potassium chloride. I do not attempt here to 

> Zeitschr. f, physHud. Chemie, 1, p. 631 [1887]. 

^ The supposition in question is fully considered in a later chapter of 
the Lehrbuch, — Translator, 



190 SOLUTIONS 

explain these difficulties, which can be shown to be erro- 
neous ; we are concerned at present with the hypothetical 
expression that the aqueous solutions of electrolytes behave 
as if the electrolytes were separated into their ions. The 
amount of this separation can easily be calculated by 
comparing the observed lowering of vapour-pressure with 
that calculated on the assumption of an unchanged 
molecular condition. It has already been remarked that 
the measurements of the diminutions of vapour-pressure 
are not very accurate. As we shall find hereafter a much 
more accurate method by which more trustworthy results 
can be obtained, we shall defer calculations of this kind 
until then. 

Meanwhile, the results of a very extended series of 
measurements of the vapour-pressures of salt-solutions at 
100°, made by G. Tammann,^ are given here, as a foundation 
for further advances. The method consisted in placing the 
solution in a U tube ; one limb of this tube was closed , 
mercury was placed in the bend of the tube, and the open 
end was connected with a manometer and an air-pump. 
The U tube was heated in the vapour of boiling water, and 
the decrease of pressure required to make possible the 
formation of vapour at this temperature was measured. 
The numbers in the following table represent the diminu- 
tions of vapour-pressure, in millimetres, which were caused 
by the solution of n molecular weights, in grams, of the 
salts in 1,000 grams of water. 

* M&m. Acad, Pitersh. 86, No. 9 [1887]. 



Notes to Table, pp. 191-198 

30, sodiam phenolsulphonate (probably para-) ; 41, wmnal potassium 
butyrate ; 42, potassium isobutyrate ; 48 and 49, the corresponding sodium 
salts ; 71, glycolio acid ; 72, lactic acid ; 73, succinic acid ; 74, malic acid ; 
75, tartaric acid ; 76, racemic acid ; 77, citric acid ; 98, sodium paratung- 
state ; 104, potassium malonate ; 105, tartar-emetic ; 106, potassium succi- 
nate ; 108 and 109, potassium and sodium tartrate ; 110 and 111, potassium 
and sodium citrate. 
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1 

S 
3 
4 
5 
6 
7 
8 
9 
10 
11 
IS 
13 
14 
16 
16 
17 
18 
19 
80 
SI 
SS 
S3 
S4 
S6 
S6 
S7 
S8 
39 
30 
31 
SS 
33 
34 
36 
36 
37 
38 
39 
40 
41 
43 
43 
44 
45 
46 
47 
48 
49 
60 
61 
63 
63 
64 
66 
66 
67 
68 
69 
60 
61 
62 
63 
64 
66 
66 
67 
68 
69 
70 
71 
72 
73 



KCl . 

KSCN 

EBr . 

KI 

KP . 

TXaCl . 

KaSCN 

NaBr . 

Nal . 

NaF . 

NH^Cl 

NH^SCN 

NH^Br 

NH^I 

LiCl . 

liBr . 

Lil . 

BbCl . 

KNO, 

KNO. 

KGIO, 

KCIO^ 

KBrO, 

EESO4 

NaNO, 

NaNO, 

NaClO, 

NaBrO, 

KaHSO« 

C.H,0S03Na 

NH^NO, 

NH/H-SO^ 

NH*BP^ 

UNO, 

L1HS0« 

BbNO, 

BbHBO« 

HCO^ 

CH,CO,K 

CACO^ 

C.H.CO,K 

HCO.Na 

CH,CO,Na 

C,H,CO.Na 

C.H^O,Na 

«3»B^C0aNa 

C^H,CO^a 

CH.CO^a 

NH^OHCl . 

N(CH,)«C1. 

N(CH,),HC1 

N(CH,),H,C1 

N(CH,)H,01 

N(0A)aH01 

N(C,H.).H,01 

N(C.H.)H.C1 

CN,H.a . 

N(C.H,)H,Ca 

N(CA)H,NO, 

liOH. 

KOH . 

NaOH 

Ba(OH). 

H,AbO« 

H.PO^ 

HJBO, 

CBJOK-COJB. 

C,H^(OH)-COJI 



nsO'6 



13-3 
10^ 
13-0 
13-6 
10-6 
13-8 
11-6 
13*6 
13-1 
11-4 
13-0 
10*8 
11-9 
13-6 
Ml 
13-3 
18-6 
13-3 
11-1 
10*3 
10< 
11-6 
10-9 
10-9 
11-6 
10-6 
10-6 
13-1 
10-9 
11-8 
13-8 
11-6 
10-6 
12-3 
13-8 
10-9 
10-9 
11-6 
13-4 
13-8 
13-4 
12-3 
11-6 
13-3 
12-9 
11-6 
10-9 
13-6 
11-8 
11-4 
11-3 
11-3 
111 
7-0 
9-6 
9-4 
6-6 
7-9 
9-9 
11-6 
10< 
9*9 
16-9 
16-0 
11-8 
12-3 
12-9 
7-8 
6-6 
6*0 
7-0 
6-6 
6-2 



34-4 
33-8 
34-3 

86-3 
33-3 
36-3 
34*6 
36-9 
36-6 
28-0 
38-7 
33-0 
38*9 
361 
36-6 
26-2 
28*6 
24*6 
22*8 
21*1 
21*6 
22*8 
22*4 
21*9 
24*4 
22*6 
28-0 
26-0 
22*1 
22-6 
22-0 
22-0 
22*2 
26*9 
27*0 
22*1 
21*9 
23-6 
24-0 
24-0 
24-0 
24*0 
22*0 
22*0 
241 
26-0 
22*6 
26-0 
24-0 
24-0 
23-0 
22-0 
22K) 



19*6 
20-0 



16*8 
32*2 
20*4 
18*6 
37*4 
29*6 
22-8 
22*6 
26-6 
16-0 
14-0 
12*3 
14-0 
12*4 
12*4 



48*8 
48*8 
60-8 
62-2 
46-0 
62*1 
66*7 
67*0 
60-2 



46-1 
46-0 
48*8 
49-8 
67*1 
60-0 
64*7 
60-0 
44-8 
40*1 
42-8 



46-0 
48-8 
60H) 
46-2 
48-4 
64-1 
47-8 
49*8 
42*1 
46*8 
46-0 
66*7 
67*0 
42*1 
43-0 
69-0 
64-6 
68-0 
64-4 
62-2 
49-6 
48-2 
48-2 
62-0 
46*2 
68-0 
62-0 
61-0 
44*2 
46-0 
49-0 



41-8 
43-0 



89-0 
42-0 
39-0 
84*8 
78-1 
64-0 
48*2 
39-0 
62-8 
30-2 
28-6 
261 
26-6 
24-0 
24*8 



74*1 
76-0 
76-6 
82-6 
76-0 
80-0 
89*3 
89-3 
99-6 



69*3 
68*6 
74*1 
78*6 
96-0 
97-0 
106*3 
76-6 
67*0 
67*6 
63*1 



66*3 
76-0 
68*1 
73*5 
81*3 
76-0 
76*5 
63*7 
71-0 
67-0 
88-9 
93-0 
68*2 
63-6 
77-6 
86*0 
84*8 
84-0 
80*4 
74*4 
72*4 
77*6 
88-0 
71*4 
81*6 
81*6 
73-8 
65-0 
69-0 
76-2 



65-0 
68*4 



62-7 
61*8 
67-0 
48-5 

99-2 
77-3 



104-0 
46*4 
45-2 
88-0 
89-2 
84-3 
86*7 



100-9 
100-6 
106*6 
112-2 
106-0 
111-0 
122*0 
124*3 
1867 



94*3 

93*0 

99*4 

104*6 

133*6 

140-0 

154*6 

101-0 

90-0 

74-6 

80-0 



85*6 

98*3 

90*3 

98-5 

108-8 

100*3 

104-6 

82-9 

94*5 

98-5 

122-2 

180*0 

73*8 

83*8 

104-2 

119-0 

116*8 

118-4 

UOrO 

99*8 

96*0 

102*2 

113*4 

97*4 

108-2 

106-4 

96-0 

86-0 

90*0 

106*1 



91*8 
92-0 



85*0 
80-9 
73-8 
60-0 

140*0 
107*6 



128*6 
128*6 
132*8 
141*6 
186*6 
148*0 
166-2 
169-6 
177*6 



118-5 
117*6 
121*5 
132*8 
176*5 
186-3 
206-0 
128-5 
110-5 
88*2 



107*8 
122-6 
111*5 
123*3 
136-0 
1261 

103-8 
118-0 

1551 
1680 
89*2 
104-0 
182-0 
152-0 
148*0 
141-0 
139*0 
122-4 
118*8 
127*8 
143-0 
122*2 
181*0 
188*4 
114*8 
103-0 
110-5 
184*9 



152*2 
152*8 
160K) 
171-8 
166*8 
176*5 
195-0 
197*5 
331-0 



188-3 
140-0 
146*6 
156-0 
319*5 
341*5 
364-0 
156-0 
180*7 
1081 



116-8 
114*3 



107*9 
99-5 
88-6 
71-6 

181*8 
139*1 



139*3 
146-6 
181*7 
147*5 

148*5 

131-0 
139-0 

188*0 



160-0 
186*2 
181-0 
169-0 
167*4 
145*6 
142-0 
1520 
173-0 
146-0 
153-6 
158-0 
132-0 



163-5 



142-0 
137-0 



129-1 

118-0 

101-0 

82*4 

223-0 
172-5 



247-0 



148-0 198*4 

64*9 — 

62-0 81-5 

51-0 — I — 

60*0 — I — 
44-7 1 65-0 , 65*6 

48*5 59*7 71*2 



8 



200*3 

335*6 
388-0 

356*3 
268-0 
801*6 



179-0 
179-5 
190*2 
200-0 
311*5 
841-5 
867-0 
208*5 
167-0 
126*3 



170*0 
189-0 
167-8 
196-5 

189*7 

162-2 

181*2 

258*4 



210*0 
260-0 
284-0 
3I9-O 
218-0 
190-0 

198-0 
227-0 
189-0 
198-0 
200-4 
164-0 



219-8 



186-8 
180-0 



153*0 
102*8 



343*2 



103-0 I 146*9 



88-0 
94*1 



10 



241*0 
278*5 

814-0 
370-0 



318*8 
318-0 
328-5 
248-5 
898*5 
438-0 
445-0 
247*0 
198-8 
148-0 



226*2 
198*8 
223*5 

281*4 

180*0 
218*0 

809*2 



255-0 
307-0 
288*4 
266-0 
266*0 
280*6 

289*4 
278-0 
232-0 
230-0 
237-0 
199-0 



275-2 



230*8 
218-0 



309*5 387*8 
243-3 314-0 



1850 



189-6 
110-6 
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liTi 



VAPOUR-PRESSURES OF SOLUTIONS 



193 



147 

148 

149 

150 

161 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

163 

163 

164 

166 

166 

167 

168 

169 

170 

171 

172 

173 

174 

176 

176 

177 

178 

179 

180 




»=0-5 1 


2 


3 


4 


5 


6 


8 


10 


NiOL. 

NiN,0. . 

CoCL, 

CoN,0, . 

MnCla 

PeCla 

ZnCl, 

ZnN,0, . 

CdCl, 

CdBr, 

Cdl, 

CdN,0. 

CdClaO. 

UO,N,0. 

HgC^N, 

PbNaO, 

(CH,C03)J 

CaSjO. 

SrS,0, 

BaS^O, 

A1,(S0J, 

BeSO^ 

MgSO, 

MgH.(SO,: 

FeSO« 

CoSO« 

NiSO* 

ZnSO*. 

CdSO* 

CUBO4 

MnSO* 

UO,SO, 

UO,H,(SO, 

AI,(80,).-( 


?b 




16-1 

16-1 

150 

17-3 

15-0 

18-7 

9-2 

16-6 

9-6 

8-6 

7-6 

16-9 

17-5 

18-4 

6-4 

12-3 

8-0 

9-9 

7-2 

6-6 

12-8 

5-3 

6-5 

18-3 

5-8 

5-5 

5-0 

4-9 

4-1 

6-0 

6-0 

4-1 

13-3 

24-1 


37-0 
37-3 
34-8 
39-2 
34-0 
36-8 
18-7 
39-0 
18-8 
17-8 
14-8 
361 

121 
23-5 

14-1 
23-0 
10-3 
15-4 
36-5 
12-5 
12-0 
46-0 
10-7 
10-7 
10-2 
10-4 
8-9 
12-5 
10-5 
10-4 
44-0 
66-0 


86-7 
91-3 
83-0 
89-0 
76-0 
86-3 
46-2 
93-5 
36-7 
36-7 
33-5 
78-0 

46-0 
23-3 
66-0 
47-0 
34-4 

27-6 
24-5 

116-0 
24-0 
22-9 
21-5 
21-5 
18-1 
27-7 
210 
23-2 

1090 


147-0 

156-2 

136-0 

152-0 

122-3 

139-0 

75-0 

157-5 

57-0 

65-7 

52-7 

122-2 

63-0 

33-0 

106-0 

62-0 
47-6 

42-4 
45-5 

42-1 

48-5 

40-8 


212-8 
235-0 
186-4 
218-7 
167-0 
195-0 
107-0 
223-8 
77-3 
80-0 

41-8 
85-0 

66-2 
64-0 


282-0 
209-0 
247-2 
153-0 

99-0 

60-2 
123-0 


332-0] 

298-0 
195-0 

59-3 
161-0 


— 

1 


— 



13. Vapour-pressTires of amalgams. — ^Although the gene- 
ral validity of the law of vapour-pressure might lead one 
to suppose that it would apply to solutions of metals in 
metals, yet the verification of this expectation by W. 
Bamsay^ possesses an especial interest, inasmuch as the 
metals differ sufficiently from other substances in their 
properties to make the application of the law in question 
appear somewhat doubtful. The experiments were made 
with mercury. Two U tubes were used, each with one 
short closed limb and one long open limb ; one tube was 
filled with the amalgam to be examined, and the other with 
pure mercury. The two tubes were placed side by side in 
a bath of mercury- vapour, and the difference between the 
heights of the metals was read off. In every case there 
was noticed a diminution of vapour-pressure. The following 



* Chem. Soc, Journal, Trans. 1889, p. 621. 
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table gives the molecular weights calculated from the 
observed lowerings of vapour-pressure : — 



Metal 


Molecular weight found 


Atomic weight 


Li 


71 


702 


Na 


21-6- 16-1 


2304 


K 


80-2- 291 


391 


Ca 


191 


40-1 


Ba 


75-7 


137-0 


Mg 


240- 21-5 


24-3 


Zn 


70-1- 66-4 


65-4 


Cd 


99-7-103-8 


1121 


Al 


831- 36-7 


27-0 


Ga 


69-7 


69-9 


Tl 


163-6-197-6 


204-2 


Sn 


117-4-149-5 


119-1 


Pb 


200-250 


206-9 


Sb 


136-301 


120-0 


Bi 


214-232 


208*0 


Mn 


65-6 


56-0 


Ag 


112-4 


107-9 


Au 


207-4-2081 


197-2 



A comparison of the two columns shows that the metals 
tend to form the simplest molecules possible, i.e. molecules 
consisting of single atoms. The same thing has been 
noticed for those metals which have been gasified. The 
numbers found for the molecular weights of calcium and 
barium are very noteworthy ; they are about half as large 
as the atomic weights ; the number found for potassium is 
also much smaller than the atomic weight. No satisfactory 
explanation of these numbers has yet been found. The 
molecular weights of most of the other metals, when in solu- 
tion, are the same as their atomic weights ; aluminium, 
and, more markedly, antimony, show a tendency to form 
complex molecules. This behaviour agrees with that of 
these metals in the gaseous state. 

14. Vapour-pressTires of solutions of volatile liquids. — 
The evaporation of three kinds of pairs of liquids was 
considered in Chapter 'III. ; to which of these cases the 
vapour-pressure of a mixture of liquids belongs, depends 
upon the nature of both constituents, and cannot be deter- 
mined beforehand by the means at present in our hands. 



VAPOUR-PRESSURES OF SOLUTIONS 195 

But an approximate law can be deduced, by a method put 
forward by M. Planck ^ for the case that one of the liquids 
is present in considerably smaller quantity than the other, 
that is, for the case of a dilute solution. 

We consider a solution wherein N molecules of the 
solvent are present to n molecules of the dissolved substance, 
and which has been partially vaporised so that the vapour 
contains n' molecules of the dissolved substance to n' 
molecules of the solvent. We then define the * numerical 
concentration* as 



n , n 

€ = , c = 



/ 9 



where the undashed letters refer to the solution and the 
dashed letters to the vapour. 

Thermodynamical considerations ^ lead to the equations 

c^c' = lK 

I % = IK,, 

where I is the natural logarithm, and E and E^ are two 

functions of pressure and temperature, which are not 

themselves known, but for which the following relations 

hold :— 

d{m ^ _Q_ ^^ d jlK,) V 

dT RT^ ' dp RT* 

where Q = heat of evaporation, v = volume-change accom- 
panying evaporation of the solvent, respectively to the 
dissolved substance, for specified values of T and p. 

If Pq is the vapour-pressure of the pure solvent, { E may 
be developed in a series 

Ze = ZEo- (l^-i^o)(-^)o + - • • • 
which may be stopped at the first member, inasmuch as 

> ZeiUchr.f.phynkcH. Chemie, 8, p. 405 [1888]. 
* Wied, Arm, 8S, p. 489 [1887]. 
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p -^PqIB small compared with p. Substituting the value 

« dlK 1 
for -, — , we have 
dp 

Bringing in the gaseous law p v = R T, we must put 

BT 

t; = v^ = — , and we obtain 
Po 

Po 

If the equation is applied to the pure solvent, c = c' = 0, 
and p = Pq, therefore IKq = 0, and hence 

Po 

i.e. the relative lowering of vapour-pressure is equal to 
the difference between the concentrations of the dissolved 
substance in the liquid and in the vapour. 

The equation shows that c — c' and Po—p have always 
the same sign. If c — c' is positive, then p^ > p, i.e. the 
concentration in the vapour is less than in the liquid, and 
therefore the vapour-pressure of the solution is smaller 
than that of the pure solvent, and vice versd. If c = c', 
then Pq = py i.e. when the solution evaporates without 
change its vapour-pressure is equal to that of the pure 
solvent. These statements had been put forward already 
by Konowaloflf. 

If the dissolved substance is not volatile, then c' = 0, 

and therefore c= ^^ ""^ ; or — - — = ^^ ""^ , in accord- 

Po N -f n 2)o 

ance with the law mentioned before. The first equation 
may be developed in the same way for powers of t — Tq. 
Carrying out the calculation in quite the corresponding way, 
one obtains, 

c — c' = (T — To) — 2. 

" R To 
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The same conclusions may be drawn in this case \ c ^ c' 
has the same sign as T — t^, so that for c > c', also T > T^. 
It should be noted especially that a dilute solution which 
can distil undecomposed has the same boiling-point as the 
solvent. If c' = 0, i.e. if the dissolved substance is not 

volatile, then c = (t — t^,) — -, which is the equation used 

R T 

in Beckmann's boiling method (p. 178). 

The second formula given above may be treated in a 

similar way. By differentiating, Z- = Z e, and then (iZ — = 

c c 

dEZEp and by using the formula on p. 195, the complete 

differential is obtained, 

dZ^ = _A dT- -Ado. 

C RT^ RT ^ 

This formula cannot be applied in the present state of 
knowledge. For a homogeneous liquid, or generally for a 

liquid such that — remains constant, there is obtained 

c 

Jn_ d T = — L d p, or the known equation, 

RT^ RT -^ . 

dp _ Q 



dT TV, 

The equations of Planck have been subjected to experi- 
mental proof by A. Winkelmann.* If the concentration, c, 
and the vapour-pressure, p, of the solution are known, then 
knowing the vapour-pressure of the pure solvent, p^, the 
concentration of the vapour, c^ can be calculated by the 

equation c ^ c' == ^o_rL? . Winkelmann determined the 

concentration of the vapour experimentally, by condensing 
the vapour and examining the few drops of liquid so ob- 
tained by Abbe's refractometer. The results confirmed the 

> Wied. Arm. 89, p. 1 [1890]. 
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theory on the whole, but some considerable deviations were 
noticed in particular cases, which may have been due to 
the fact that Winkelmann did not determine directly the 
vapour-pressures of the solutions he used, but employed 
observations made by Eonowaloff. 
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CHAPTEE Vm 

FREEZING-POINTS OF SOLUTIONS 

1, Historical. — The laws which express the eflfect of 
dissolved substances on the temperature of solidification of 
solvents were made known by Blagden,' quite a hundred 
years ago. Blagden showed that the depressions of the 
freezing-points of aqueous solutions of the same substance 
below the freezing-point of water were proportional to the 
quantities of substance in solution. Blagden also found 
that two substances present together acted so that the 
lowering of the freezing-point of the common solution was 
equal to the sum of the effects which would be exerted 
were the substances present each by itself. Further 
experiments brought to Kght deviations from the first law, 
in the sense that the lowering of the freezing-points of 
solutions containing large quantities of dissolved substance 
increased more rapidly than the quantity of substance in 
solution. Deviations of this kind were observed for 
potassium carbonate, sulphuric acid, &c. Blagden also 
observed that the lowering of freezing-point sometimes 
increased more slowly than the contents of the solution ; 
but he gave this result only with reservation. Although 
the work of Blagden was remarkably accurate, for the time, 
yet it fell into oblivion. Biidorff made again the same 
discovery in 1861. It was only in 1871 that Coppet drew 
attention to the older investigations. 

Before proceeding to consider the investigations in 
detail, an answer must be found to the preliminary 
question whether ice only, or ice and salt together, separate 

> PhU, Tram. 78, p. 277 [1788]. 
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from solutions of salts. The fact, which has long been 
known, that melted sea-ice gives drinkable water, is in 
favour of the first alternative ; and the question, has been 
answered in this sense in a discussion between Biidorff and 
Dufour. Biidorff showed especially, by many experiments 
of different kinds, that the trace of salt which is generally 
found in ice that separates from a salt-solution is not 
present as solid salt, but as mechanically enclosed liquid ; 
for instance, he showed that a solution of magnesium 
platino-cyanide, which solution is colourless, yielded colour- 
less ice, whereas the colour of the solid platino-cyanide is 
intensely deep red. Fritzsche ^ obtained similar results ; by 
freezing coloured solutions he got colourless ice, while the 
colouring material remained in solution. The same thing 
was alluded to in the older observations of Kries,^ but 
nothing specially belonging to the subject is to be found in 
the work of this observer. 

2. Investigations of Biidorff. — ^Without being aware of 
Blagden's work, Biidorff ^ took up the same problem in 
Magnus's laboratory, and arrived at the conclusion that 
the lowering of the freezing-point is proportional to the 
quantity of salt in solution. I give the following as examples 
of his observations (M = salt-contents of the solution) : — 





KCl 


NaNO, 


K.CO, 


M 

1 
2 
4 
6 
8 
10 
12 


t 


t 

M 


M 

1 

1 

1 

1 

2 

4 

6 

8 

10 

12 

14 

16 


t 


i 

t 


M 


/ 


M 


-0^46° 

-0-9 

-1^8 

-2-66 

-3^66 

-4-4 

-6-36 


-•460 
-•460 
-•460 
-•442 
-•443 
-•440 
-•446 

•446 


-0-4«> 

-0-76 

-1-6 

-2-36 

-2-9 

-3^6 

-4-35 

-49 

-6-66 


-•400 
-•376 
-•391 
—862 
-•360 
-•363 
-•360 
-•366 


1^41 
3-06 
6-29 
7^716 
12-20 
14^86 


-0-46<> 

-0-96 

-1-7 

-246 

-3-9 

-47 


-•319 
-•310 
-•321 
-•318 
-•319 
-•316 


--•317 


-•370 



1 Petersh. Akad, Bull 6, pp. 386, 496 [1863]. 

* Schiveigger^s Joum. 11, p. 26 [1814]. 

» Pogg. 114, p. 63 [1861] ; 116, p. 55 [1862] ; 145, p. 699 [1871]. 



FREEZING-POINTS OF SOLUTIONS 



201 



The proportion between the lowering of temperature 
and the quantity of salt in 100 parts of water, — , is seen 

to be nearly constant. This is not, however, always the 
case ; for instance, the quotient in question increases with 
increase of the contents of the solution when calcium 
chloride is the salt used. 



CaCl, 


CaCla.8H,0 


M 

1 

2 

4 

6 

8 

10 

14 

18 


t 


t 

M 


M 


( 


t 

M 


-04«> 
-0-9 
-1-86 
-2-86 
-3-9 
-4-9 
-7^4 
-100 


-•40 

-•46 

-•462 

-•476 

-•487 

-•490 

-•628 

-•666 


1^99 
4^02 
8-21 
12-57 
17-20 
21-80 
31-89 
43-06 


-0-4«> 
-0-9 
-1^86 
-2-86 
-39 
-4-9 
-7-4 
-100 


-•201 
-•223 
-•226 
-•226 
-•226 
-•224 
-•232 
-•231 

-•227 



A constant quotient is found, however, in such cases if 
the salt is supposed to be in combination with water, and 
the percentage contents are calculated on this assumption ; 
in the case of calcium chloride, it suffices to suppose that 
the solutions contain GaCla.GH^O. To determine r, the 
number of molecules of water which must be taken as in 
combination with the salt, in such cases, it is necessary to 
find the contents of the solution in terms of this hydrate. 
If M is the weight of the anhydrous salt, with molecular 
weight A, then in place of M parts of the salt there must be 

taken in the calculation M [ 1 + — rj parts (18 = mole- 
cular weight of water), and therefore there remain 

18 
100 — — r, M, in place of 100 parts, of water ; the quan- 

A 

tity of the hydrate, s, in 100 parts of water is, therefore — 



_ (A + 18r) M 
100 a— ISrM 



s = 



.100 
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In a second experiment, in a similar way, 

100 a — 18rM' • 
and as the law of proportionality shows that 



s:s' = t:if 



it follows that 



18 M. M' (f — t) * 

Calculations made by this method lead to the supposition 
that the following hydrates exist in aqueous solutions : — 



CaCl2.6H20 . 


-•227 


HC1.6H,0 . 


-•261 


BaGl,.2H20 . 


-•192 


HI.4H2O . 


-•167 


NaBr.4H20 . 


-•189 


H2SO4.9H2O 


-•129 


NaI.4H20 . 


-•162 


HN0,.4JH20 
NH,.1^H20 


-•230 


MnCl2.12H20 


-•138 


-•423 


CuCla.l2H20 


-•127 


NaOH.liHsO . 


-•609 


CuCl2{NH4Cl)2.4H20 . 


-•373 


KOH.2H2O 


-•394 



The following seem to exist in solution as anhydrous 
salts : — 



NH4C1 


-•663 


NaNO, 


-•370 


NaCl .... 


-•600 


KNO3 .... 


-•267 


KCl .... 


•443 


KjCOg • • . 


-•317 


NH4NO, . . . 


-•384 


Ca{N0j2 . 


-•277 



The lowerings of the freezing-points are given for 1 per 
cent, of each salt in solution. Biidorff lays especial weight 
on his experiments with common salt and copper chloride. 
The first appears as anhydrous in the above table. But 
it acts in this way only until the freezing-point is lowered 
to — 9*" ; the results after this are explained by supposing 
that the hydrate NaCLaHgO is present. The following 
table illustrates the results : — 
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NaCl 


M 


t 


t 


i 






M 


M. 


1 


-0-6«> 


-•600 




2 


-r.1-2 


-•600 




4 


-24 


-•600 




6 


-3-6 


-•600 




8 


-4-8 


-•600 




12 


-7^2 


-•600 




14 


-8-4 


-•600 




15 


-9-2 


-•613 


-•340 


16 


-9-9 


-•619 


-•341 


17 


-10-6 


-•623 


-•341 


18 


-11-4 


-•633 


-•343 


19 


-121 


-•637 


-•342 


20 


-12-8 


-•640 


-•342 



The numbers in the column headed — are calculated on 



M 



2 



the assumption that the solution contains NaCl. SH^O. 

The change in the constitution of the solution is shown 
more forcibly by the results with copper chloride, where 
there is an accompanying colour-change. Dilute solutions 
are blue, and, according to Eiidorflf, give quotients agreeing 
with the formula CuClg. ISHgO; more concentrated solutions 
are green, and give values pointing to the existence of the 
hydrate CUCI2.4H2O. M is referred to the anhydrous 
salt: — 



M 


t 


t 


t 






M^ 2 


tt» 


2-39 


-0-85«> 


-•229 


125 


4-91 


-1-8 


-•232 


•129 


11-04 


-4-6 


-•267 


131 


14-94 


-6-6 


-•264 


•128 


16-43 


-7-4 


-•267 


127 


16-53 


-7-5 


-•269 


127 


20-70 


-100 


-•280 


124 


22-45 


-10-95 


-•280 


118 


24-04 


-1205 


-•284 


118 


25-46 


-12-85 


-•284 


114 


26-04 


-131 


--282 


110 


28^46 


- 14-55 


-•282 


106 


3300 


-17-4 


--282 


055 


33-88 


-18-15 


-•285 


093 
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The numbers in the column for CuCl^. I2H2O are con- 
stant until 16 per cent, of CuCl, has been added; after 
that the numbers in the column for CuGIq. 4H2O are 
constant. 

It may be remarked here that later investigations have 
brought to light much more complicated relations than 
Biidorff supposed to exist. These investigations have 
shown, especially, that the change in the constitution of 
the solutions does not take place suddenly, but quite slowly, 
so that it is very doubtful whether the observations are to 
be interpreted as pointing to the existence of definite 
hydrates in solution. 

3. Experiments of Coppet. — Ten years after the publica- 
tion of Riidorffs first paper, Coppet ^ took up the investiga- 
tion and developed it in two directions. On the one hand, 
he made sure that the law of proportionality held good for 
supersaturated solutions also, and in this way he made it 
possible to obtain more accurate determinations for salts 
which had scarcely been examined before because of their 
small normal solubility in cold water. On the other hand, 
he referred the lowering of the freezing-temperature, not 
to equal quantities of salts, as Biidorff had done, but to 
quantities which stood in molecular proportions. By doing 
this he arrived at a very simple expression for the influence 
of the salt on the freezing-point of the solution, as he 
found that the molecular lowerings of freezing-point were 
nearly equal for similar salts. Solutions whose contents 
were in the ratio of the molecular weights of the dissolved 
salts froze at nearly the same temperature. 

I give the table in which Coppet combined the results 
of his own experiments with those of the experiments 
of Blagden and Biidorff. The numbers in the column 
headed h represent depression-coeflScients for 1 per cent, 
of salt, those under H represent the molecular depres- 
sions. 

1 Awn. Chim, Phys. (4) 28, p. 366 [1871] ; 25, p. 502 ; 26, p. 98 
[1872]. 
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h 
•451 


H 




h 


H 


KCl . 


336 


CaCl2.15H20* 


•1135 


43-2 


KBr . . 


•292 


34-8 


CuCl2.15H20* 


•127 


44-5 


KI . . . 


•212 


352 


MnCV15H,0* 


•138 


47-2 


NaC1.2H,0* . 


— 


<33^8 


KNO, . 


•267 


27^0 


NaC1.3HjO* . 




>814 


NaNO, . 


•310 


264 


NaBr.3H20 


•216 


33-9 


K,CO,.6HjO* 


•161 


39-6 


NaLSHjO . 


•170 


347 


K2Cr04 . 


•196 


381 


NH,C1 . 


•660 


34-8 


K2SO4 . 


•201 -•244 


36^0 - 39^0 


KOH.2H2O 


— 


<33-9 


(NHJ,SO, . 


•276 


36-4 


NaOH-lAH^O . 
NH,OH* . 


— 


<341 


FeS04.7H20 . 


•055 


15-3 


•542 


19-0 


ZnS04.7H20 . 


•056 


15-8 


BaClj-lSBLjO* . 




>43-4 


MgSO^JH^O . 


•073 


180 


SrCl^-lSBLjO* . 




>416 


CUSO4.5H2O . 


•070 


17-5 



The formulaB with an asterisk express hydrates which are 
not Imown in the solid state ; the numbers preceded by 
> or < are calculated on certain assumptions which 
cannot be developed here. 

The molecular depressions of the freezing-point are seen 
to be nearly equal in groups of similar compounds. They 
differ from group to group, but the numbers are of the 
same dimensions. It is noteworthy that the anhydrous 
salts give the same result as the salts with water of crys- 
tallisation ; this is well seen in the haloid compounds of 
potassium and of sodium, e.g. KBr and NaBr.SHjO. 

Coppet devoted a great part of his labour to the study 
of the deviations from the law of proportionality which are 
exhibited by certain substances. The explanation which 
Eiidorff gave of those cases wherein the depression increased 
more rapidly than the contents of the solution has been 
noticed already; he supposed that water was combined 
chemically with the salt in solution. Coppet showed that 
Riidorff s representation of the behaviour of common salt 
did not express the facts. Coppet's own experiments led to 
the result that the quotient began to increase, indicating a 
change of condition, even with the most dilute solutions, 
and not, as Eiidorff said, only when the temperature of 
about —9** was reached. In the other case carefully examined 
by Eiidorff, viz., that of copper chloride, the very gradual 
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change of colour from green to blue, which accompanies in- 
creasing dilation and falling temperature, indicates processes 
which are extended over a considerable space and do not 
take place suddenly. 

Similar difficulties attend the explanation of the beha- 
viour of those substances which lower the freezing-points of 
their solutions in a decreasing degree. Budorff gave no 
examples of this kind in his earlier communications, al- 
though he said afterwards ^ that such cases were known to 
him. Goppet was the first to make these cases known. 
Ammonium nitrate is a very striking example : 



M 


t 


1 

M 


M 


t 


M 


2 


-0-83O 


-•416 


30 


-9-36<> 


-•312 


5 


-203 


-•406 


40 


- 11-75 


-•294 


6 


-2-40 


-•400 


60 


- 13-60 


-•272 


10 


-3-85 


-•386 


60 


-15-60 


-•260 


12 


-4-56 


-•379 


70^24 


-17-40 


-•248 


20 


-6-90 


-•346 









The nitrates of sodium, barium, calcium, strontium, and 
lead, and sulphate and carbonate of sodium, belong to the 
same class. Budorff adds also silver nitrate, ammonium 
sulphocyanide, and acetic acid. 

Budorff did not publish his measurements of cases of 
this kind, because he could not suggest an explanation of 
them. Goppet, who had laid down the theoretical possibi- 
lity of occurrences similar to these in the case of the exist- 
ence in the solution of several partially decomposed 
hydrates, supposed that the substances in question, many 
of which are certainly anhydrous, were 'modified,' in some 
way not more fully explained, by the action of the water or 
by the lowering of temperature. It will be shown after- 
wards that a modification of a peculiar kind, viz. electro- 
lytic dissociation, gives an account of these facts. 

The explanation which Lothar Meyer has given may, 



» Pogg. 145, p. 699 [1871]. 
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perhaps, also be adopted, viz., that several molecules are 
gathered together into one in the more concentrated solu- 
tions — so that, e.g., molecules of the composition (NH4N03)a 
may be present in a somewhat concentrated solution of am- 
monium nitrate — and that these gradually fall asunder as 
water is added. As the depression of freezing-point depends 
on the number of molecules in solution, but not on the 
number of atoms in these molecules, this depression must 
be less the greater the number of molecules which com- 
bine to form a single molecule. 

The occurrence of cases of this kind throws great doubt 
on the calculations referred to on p. 201, which suppose the 
existence of hydrates in certain solutions. For as we 
cannot know, in these cases, whether the depression-coeffi- 
cients of the salts themselves increase or decrease with 
increasing concentration, the foundation is removed on 
which the calculations were based, for that foimdation was 
the supposition of an unchangeable coefficient. 

4. InvestigatioiLs of Baoult. — The problem of the mole- 
cular depression of the freezing-points of solutions has been 
very fully examined by Eaoult within recent years. Eaoult 
extended his investigations to other substances than salts. 
At the outset he subjected aqueous solutions of organic com- 
pounds to examination ; ^ the result was that the molecular 
depressions of freezing-point were nearly the same for these 
compounds. The extreme values found were 15*5 and 22*9 ; 
or, rejecting these two, the extremes were 16*9 and 19-9. 
The molecular depressions of freezing-point were calculated 
for solutions of one-gram molecular weight of substance in 100 
grams of water ; the observations were generally made with 
solutions ten times more dilute, and containing, therefore, 
one gram-molecule per litre. In a second communication,^ 
Baoult gave the results of similar experiments with solutions 
in very pure benzene, solidifying at 4-96°. Here, again, the 
depressions of freezing-point, calculated for quantities pro- 
portional to the molecular weights of the dissolved sub- 

> Campt rend. 94, p. 1517 [1882]. * Ibid. 95, p. 188 [1882]. 
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stances, were found to be very nearly constant ; they varied 
only from 48*6 to 51*8. Raoult obtained similar results with 
other solvents, viz., nitrobenzene, melting at 5*28** ; ethylene 
dibromide, melting at 9*72** ; formic acid, melting at 8*52° ; 
and acetic acid, melting at 16*75^. He examined solutions of 
more than 200 different substances.^ In the case of one 
series of substances, he found the molecular lowerings of 
freezing-point to be only half as great as the values obtained 
in most cases ; the supposition at once suggests itself that 
the substances in question form double molecules in the 
solutions. 

These simple relations were found to hold good not only 
for all solutions in one and the same solvent ; Eaoult also 
thought he found the same relations when he compared the 
constants for different solvents. The mean molecular de- 
pressions of freezing-point were — for solutions in water, 87 
(or 18*5) ; in formic acid, 28 ; in acetic acid, 89 ; in benzene, 
49 ; in nitrobenzene, 70*5 ; and in ethylene dibromide, 117. 
By dividing each of these numbers by the molecular weight 
of the solvent the following results are obtained : — 



V^ater . 
Formic acid 
Acetic acid 



205:=:3X*683 

. -608 
. -660 



Benzene 
Nitrobenzene 
Ethylene dibromide 



•628 
•600 
•623 



These quotients are approximately constant. Baoult ex- 
pressed the empirical results of his measurements in the 
following * law ' : — * One molecule of any compoundf when dis- 
solved in 100 molecules of a liquid, lowers the solidij/tcation-point 
of the liquid by an amount which is nearly constant, viz. "62°.' 
This statement involves the doubling, or trebling, of some 
of the molecular weights in common use ; the molecular 
weight of water, for instance, must be multiplied by three. 
More recent work, which will be referred to later, has 
shown that such a general law as the above does not hold 
good. 

The numbers which led Baoult to the foregoing 



Convpt. rend, 95, p. 1030. 



FREEZING-POINTS OF SOLUTIONS 



209 



statement were communicated by him in detail in 1884. 
The solutions used contained generally from ^ to 1 gram 
molecular weight of the substance under examination 
in 1,000 grams of the solution; sometimes the solutions 
were even more dilute than this.^ 

The following table contains what Eaoult calls the 
molecular depressions. If d be the lowering of freezing- 
point of a solvent caused by solution of p grams of a sub- 
stance, having the molecular weight m, in 100 grams of 

the solvent, then — is the specific depression, and — . is the 

p p 

moUcvlar depression. The molecular depression is, then, 

the lowering of the freezing-point which would be observed, 

assuming the law of proportionality, in a solution of one 

gram-molecular weight in 100 grams of the solvent. 



Solutions in Acetic Acid. 



Mol. depression 


MoL depression 


Methyl iodide 


. 38-8 


Butyric acid . 


. 37-3 


Chloroform . 


. 38-6 


Valeric „ . 


. 39-2 


Carbon tetrachloride 


. 38-9 


Benzoic „ . 


. 430 


CarBbrTxlisnlphide 


. 38-4 


Camphoric acid . 


. 40-0 


Hexane 


. 40-1 


Salicylic „ 


. 40-5 


Ethylene chloride 


. 40-0 


Picric „ 


. 39-8 


Turpentine oil 


. 39-2 


Water . 


. 330 


Nitrobenzene 


. 41-0 


Methyl alcohol 


. 36-7 


Naphthalene 


. 39-2 


Ethyl „ 


. 36-4 


Methyl nitrate 


. 38-7 


Butyl 


. 38-7 


Methyl salicylate . 


. 391 


Amyl 


. 39-4 


Ether .... 


. 39-4 


Allyl „ . . 


. 391 


Ethyl sulphide . 


. 38-5 


Glycerin 


. 36-2 


Ethyl cyanide 


. 37-6 


Salicin 


. 37-9 


Ethyl formate 


. 37-2 


Santonin . . 


. 381 


Ethyl valerate 


. 39-6 


Phenol .... 


. 36-2 


Mustard oil . 


. 38-2 


Pyrogallol 


. 37-3 


Aldehyde 


. 38-4 


Hydrocyanic acid 


. 36-6 


Chloral 


. 39-2 


Acetamide . 


. 36] 


Benzylic aldehyde 


. 39-7 


Ammonium acetate 


. 350 


Camphor 


. 390 


Aniline „ 


. 36-2 


Acetone 


. 38-1 


Quinine „ 


. 410 


Acetic anhydride . 


. 36-6 


Strychnine* „ 


. 41-6 


Formic acid . 


. 36 5 


Brucine „ 


. 40-0 



Ann. Chim. Phye, (6) 2, p. 66. 
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SoLTTTioNS IN AcETic AciD — Continued. 



Codeine acetate 
Morphine „ 
Potassium „ 
Snlphur chloride 
Arsenious 
Stannic 



)t 



It 



Mol. depression 
. 38-3 
. 430 
. 390 
. 38-7 
. 41-5 
. 41-3 



Solphnretted hydrogen 
Sulphur dioxide . 

Sulphuric acid 
Hydrochloric acid 
Magnesium acetate 



Hoi. depression 



36-6 
38-6 

18-6 
17-2 
18-2 



Solutions in Fobmic Acn>, 



Chloroform 
Benzene 
Ether . 
Aldehyde 
Acetone 
Acetic acid 



Mol. depression 
. 26-5 
. 29-4 
. 28-2 
. 261 
. 27-8 
. 26-5 


Brucine formate . 
Potassium „ 
Arsenious chloride 


MoL depression 
. 29-7 
, 28-9 
. 26-6 


Magnesium formate 


. 13-9 



Methyl iodide 
Chloroform . 
Carbon tetrachloride 
Carbon disulphide 
Ethyl iodide . 
Ethyl bromide 
Hexane 

Ethylene chloride 
Turpentine oil 
Nitrobenzene 
Naphthalene 
Anthracene . 
Methyl nitrate 
Methyl oxalate 
Methyl salicylate 
Ether . 
Ethyl sulphide 
Ethyl cyanide 
Ethyl formate 
Ethyl valerate 
Mustard oil . 
Nitroglycerin 
Tri-botyrin . 
Tri-olein 
Aldehyde 
Chloral 



SOLXTTIONS IN BeNZENE. 

Mol. depression 

. 60-4 

. 611 

. 51-2 

. 49-7 

. 61-6 

. 50-2 

. 61-3 

. 48-6 

. 49-8 

. 48-0 

. 50-0 

. 61-2 

. 49-3 

. 49*2 

. 61-5 

. 49-7 

. 61-8 

. 51-6 

. 49-3 

. 600 

. 61-4 

. 49-9 

. 48-7 

. 49-8 

. 48-7 

. 60-3 



M< 


3l. depression 


Benzaldehyde 


. 601 


Camphor 


. 51-4 


Acetone 


. 49-3 


Valeran 


. 61-0 


Acetic anhydride . 


. 47-0 


Santonin 


. 60-2 


Picric acid . 


. 49-9 


Aniline 


. 46-3 


Narcotine 


. 621 


Codeine 


. 48-7 


Thebaine 


. 48-0 


Sulphur chloride . 


. 511 


Arsenious „ 


. 49-6 


Phosphorous chloride . 


. 47-2 


Phosphoric „ 


. 51-6 


Stannic „ 


. 48-8 


Methyl alcohol 


. 26-3 


Bthyi „ 


. 28-2 


Butyl „ 


. 43-2 


Amyl „ 


. 39-7 


Phenol 


. 32-4 


Formic acid . 


. 23-2 


Acetic „ . 


. 26-3 


Valeric „ . 


. 271 


Benzoic 


. 25-4 
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Solutions in Nitrobenzene. 



Chloroform . 
Oarbon disnlphide 
Turpentine oil 
Benzene 
Naphthalene 
Ether . 
Ethyl valerate 
Ethyl acetate 
Benzaldehyde 
Acetone 



Mol. depression 

. 69-9 

. 70-2 

. 69-8 

. 70-6 

. 73-6 

. 67-4 

. 73-2 

. 72-3 

. 70-3 

. 69-2 



Codeine 

Arsenious chloride 
Stannous 



a 



Mol. depression 
. 73-6 
. 67-5 
. 71-4 



Methyl alcohol 
Ethyl 

Acetic acid . 
Valeric „ 
Benzoic ,, 



35-4 
36-6 
361 
42-4 
37-7 



Solutions in Ethylene Bromide. 



MoL depression 
Carbon disnlphide . .117 
Chloroform . . . .118 
Benzene .... 119 
Ether 117 



Arsenious chloride 



Mol. depression 
. 118 



Acetic acid 
Alcohol 



58 
57 



Solutions in Water.* 



>> 



»> 



Methyl alcohol 

Ethyl 

Butyl 

Glycerin 

Mannite 

Invert sugar 

Milk 

Cane 

Salicin 

Phenol 

Pyrogallol 

Chloral hydrate 

Acetone 

Formic acid . 

Acetic 



»t 



11 



11 



Butyric 
Oxalic 
Lactic 
Malic 
Tartaric 
Citric 
Ether . 
Ethyl acetate 



>» 



11 



11 



11 



II 



»t 



Mol. depression 
. 17-3 
. 17-3 
. 17-2 
. 171 
. 180 
. 19-3 
. 181 
. 18-5 
. 17-2 
. 15-5 
. 16-3 
. 18-9 
. 171 
. 19-3 
. 190 
. 18-7 
. 22-9 
. 19-2 
. 18-7 
. 19-5 
. 19-3 
. 16-6 
. 17-8 



Hydrocyanic acid 

Acetamide . 

Urea 

Ammonia 

Ethylamine . 

Propylamine 

Aniline 



Mol. depression 
. 19-4 
. 17-8 
. 17-2 
. 19-9 
. 18-6 
. 18-4 
. 15-3 



Hydrochloric acid 

Hydrobfomic 

Nitric 

Perchloric 

Arsenic 

Orthophosphoric acid 

Sulphuric 

Selenious 

Potash 

Soda . 

Lithia . 

Potassium chloride 

Sodium 

Lithium 

Ammonium 



ft 



f» 



)f 



11 



19 



Ann. Chim. Phys. (5) 28, p. 137 [1883]. 



391 
39-6 
35-8 
38-7 
42-6 
42*9 
38-2 
42-9 
35-3 
36-2 
37-4 
33-6 
361 
36-8 
34-8 
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Solutions in Watkb — contintted. 



Mol. 


depression 




Mol. depressioD' 


Potassium iodide . 


. 36-2 


Sodium tartrate 


. 44-2- 


Potassium bromide 


. 351 


Sodium di-tartrat€ 


) . . 31-2^ 


Potassium cyanide 


. 32-2 


Baryta . 


. 49-7 


Potassium ferrocyanide 


. 46-3 


Strontia 


. 48-2 


Potassium ferricyanide 


. 47-3 


Lime . 


. 48-0 


Sodium nitroprusside . 


. 46-8 


Barium chloride 


. 48-6 


Potassium sulphooyanide 


. 33-2 


Strontium „ 


. 61-1 


Potassium nitrate 


. 30-8 


Calcium „ 


. 49-» 


Sodium „ 


. 340 


Copper 


. 47-a 


Ammonium „ 


. 32- 


Barium nitrate 


. 40-5 


Potassium formate 


. 35-2 


Strontium „ 


. 41-2 


Potassium acetate 


. 34-6 


Calcium „ 


. 37-4 


Sodium „ 


. 320 


Lead „ 


. 37-4 


Potassium carbonate . 


. 41-8 


Barium formate 


. 48-2 


Sodium „ 


. 40-3 


Barium acetate 


. 48-6 


Potassium sulphate 


. 39-0 


Magnesium „ 


. 47-8 


Potassium-hydrogen sulphate 84*8 


Sulphurous acid . 


. 200 


Sodium sulphate . 


. 35-4 


Sulphuretted hydrc 


)gen . 19-2 


Ammonium „ • 


. 370 


Arsenious oxide . 


. 20-3 


Borax .... 


. 660 


Metaphosphoric ac 


id . . 21-7 


Potassium chromate 


. 381 


Boric „ 


. 20-5 


Potassium dichromate . 


. 43-7 


Tartar emetic 


. 18-4 


Di-sodium phosphate ' . 


. 37-9 


Mercuric cyanide . 


. 17& 


Sodium pyrophosphate 


. 45-8 


Magnesium sulphai 


be . . 19-2 


Potassium oxalate 


. 46-8 


Ferrous „ 


. 18-4 


Sodium „ 


. 43*2 


Zinc „ . 


. 18-2 


Potassium tartrate 


. 86-3 


Copper „ . 


. 18-0 



A glance through the series of numbers in the foregoing 
table shows that the molecular depressions of the freezing- 
point are generally nearly constant for solutions in one and 
the same solvent. But besides the normal values, which are 
found for by far the greater number of substances, there are 
abnormal values belonging to a small number of substances. 
Omitting the salts and the mineral acids, which must be 
dealt with separately, all the values obtained for solutions 
in acetic acid and formic acid are normal. Solutions of the 
alcohols and acids in benzene show abnormal values, and 
these values are generally half as large as those of the other 
substances. The same compounds show quite similar de- 
viations when dissolved in nitrobenzene and in ethylene 
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>)romide. The suppoBition is at once suggested that the 
compounds in question have molecular weights in these 
■solutions twice as great as those usually adopted for these 
iiompounds. The circumstance that the molecular weights 
of the fatty acids in the gaseous state are greater than the 
formulae of these acids indicate, and that normal values 
Are attained only at temperatures considerably above the 
boiling-points of the acids, is in favour of this supposition. 
The alcohols, it is true, do not behave in this way ; but the 
phenomena of surface-tension make it probable that the 
liquid alcohols consist of polymeric molecules.* 

We may then conclude that the action of acetic and 
formic acids as solvents is unfavourable to the existence of 
polymeric molecules, just as the action of a high tempera- 
ture or a small pressure is unfavourable to the existence 
of such molecules ; but that benzene, nitrobenzene, and 
ethylene bromide act in an opposite way, and do not 
promote the falling asunder of the more complex into the 
less complex molecules. This way of viewing the subject 
is made more probable by the fact that the same substances 
form double molecules in all three solvents. 

5. Aqueous solutions. — Different conditions prevail in 
a>queous solutions. All the organic compounds examined 
show agreement when dissolved in water ; neither alcohols 
nor fatty acids show any tendency to cause molecular 
depressions of half the normal value. We may conclude, 
therefore, that water, like acetic acid, acts against the 
formation of polymeric molecules. 

But, in contradistinction to the other solvents, water 
Bhows not too small, but too great, molecular depressions, 
when it is used as a solvent for the acids, bases, and salts, 
that is, for electrolytes. The molecular depressions caused 
by strong monobasic acids, monoacid bases, and salts of 
the type of potassium chloride, are almost twice as great 
as those caused by indifferent substances ; and the values 

> These phenomena are considered in an earlier part of the Lehrhtich, — 
Trcmslator. 
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become almost three times the ordinary values in the cases 
of the hydroxides and haloid compounds of the divalent 
earth metals. Such more complex salts as borax, ferro- 
cyanide of potassium, &c., give yet larger values. 

The supposition which was made use of in dealing with 
the other solvents cannot find acceptance here. The converse 
conception must rather be adopted. We must regard the 
substances which give abnormally large molecular depressions a» 
dissociated. 

. This supposition receives considerable support from the 
conclusions arrived at by Arrhenius/ and simultaneously 
by Planck,^ by comparing the depressions of freezing-point 
with the lowerings of vapour-pressure. In each case the 
molecular weight of the dissolved substance may be deter- 
mined, in reference to that of the solvent, by the formula 

• "~^ = — ; the organic compounds were generally found 

to be normal, but aqueous solutions of electrolytes showed 
a greater number of molecules than the formula required, 
and consequently it was necessary to assume that a 
separation of molecules had occurred. The method based 
on measurements of the lowerings of freezing-point does 
not appear to furnish an immediate criterion of the kind 
required. We shall see later, however, that van't Hoff haa 
arrived at a formula, from considerations similar to those 
made use of for vapour-pressure, which makes possible the 
immediate estimation of molecular weights. Meanwhile it 
is clear that a comprehensive survey of the observationa 
renders the supposition untenable that all indifferent 
substances are polymerised, and that the values found for 
salts are the normal values. This is shown at once by the 
fact that the molecular depression caused by the salts 
themselves is by no means constant, but varies with the 
nature of the salt. If potassium chloride, and salts 

* Zeitschr. f, physikal, Chetme, 1, p. 631 [1887] ; from Ofv, Stockh. 
Akad. June 8 and November 9, 1887. 
« Ibid. 1, p. 576 [1887]. 
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similar to this, for instance, are taken as normal, then it is 
necessary to suppose that barium chloride, &c., have under- 
gone separation, inasmuch as they show a greater molecular 
depression. Baoult's numbers show that this supposition 
is to be avoided only by taking as normal the salt with the 
greatest molecular depression, i.e. borax: but the choice 
of this salt as the normal substance could scarcely be 
expected to be generally accepted, 

Baoult thought he could place the behaviour of water 
as a solvent parallel with that of the other solvents ; ^ but 
at that time he did not know the relations between the 
facts and those of vapour-pressures, which do so much to 
make the subject clear, and which he himself at a later 
time has greatly advanced. In a communication made 
soon after that just referred to, Eaoult ^ developed a way of 
regarding the subject which differed from his former 
method. Following the announcement of de Vries, that 
the metals and acidic radicles may be grouped in accord- 
ance with their valencies, Baoult sought to express the 
freezing-points of solutions as approximately the sums of 
two constants, one of which belonged to the metal and the 
other to the acidic radicle. I do not go into this subject 
here, inasmuch as Baoult's expression has been replaced by 
one put forward by Arrhenius, which is much more compre- 
hensive and more convenient, and which will be considered 
in its proper place. 

6. TTse of the law of solidification for determining molecnlar 
weights. — The simple relations between the molecular 
weight and the depression of freezing-point afford a very 
convenient means for determining the molecular weights 
of dissolved substances. Baoult, especially, has made 
reference to this subject ; he has given the following rules 
of procedure. The molecular weight, m, of any organic 
substance is given by the formula 

K 

m = — , 

A • 

> Ann. Chim. Phys, (6) 2. p. 85 [1884]. « Ibid. (6) 4, p. 401 [1886]. 
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where a is the specific depression of freezing-point, i.e. the 
quotient obtained by dividing the observed depression by 
the percentage contents of the solution, and e is a constant 
dependent on the nature of the solvent. The values of this 
constant are 

Water K = 19 

Acetic acid E « 39 

Benzene Es49 

If different (multiple) values are obtained for solutions in 
different solvents, the smaller value is the more accurate. 
The molecular weights of certain inorganic chlorides, e.g. 
AICI3, PCI3, &c., may be determined, similarly to organic 
compounds, from the freezing-points of their solutions in 
acetic acid or benzene. 

In dealing with salts it is necessary to distinguish two 
cases, according as the basicity of the acid or the valency 
of the metal is to be determined. In the first case, the 
sodium or potassium salt is to be used, and the observed 
depression of freezing-point is to be referred to one atom 
of the metal ; i.e. the equivalent, and not the molecular, 
depression is to be found. If the value is about 35, the 
acid is monobasic ; if 20, the acid is dibasic ; and if about 
15, it is tri- or tetra-basic. If it is desired to find the 
valency of the metal, the nitrate should be used, and 
the equivalent depression of freezing-point is to be deter- 
mined. If the number which is found is about 85, the 
metal is monovalent; a divalent metal gives about 22*5, 
and if the number is still smaller the metal is poly- 
valent. 

One might well suppose that a process which enriches 
chemical method by extending the determination of mole- 
cular weights from the comparatively narrow field of gasi- 
fiable and vaporisable substances to the much ampler 
domain of solutions, would have been received with enthu- 
siasm and put into practice with eagerness. But it must 
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be admitted that nothing of the kind occurred. Notwith- 
standing their significance, Baoult's results remained, at 
first, unnoticed ; and the demonstration of the practical 
importance of these results which was given in the fiirst 
edition of this Lehrbuch^ published in 1885, did not effect 
any immediate change. In 1886, it is true, Paterno and 
Nasini ^ repeated some of Baoult's experiments, and insti- 
tuted some new ones with various substances, especially 
with polymerides, which for the most part confirmed the 
laws arrived at by Baoult. In spite of the great service 
which these results seemed likely to render to organic 
chemistry, two years elapsed before the method began to 
<;ome into general use. 

The theoretical considerations which van 't Hoff put 
forward regarding the nature of solutions had a decided 
effect in increasing the interest in the phenomena examined 
by Baoult. There was a certain hesitation in dragging into 
chemical disputes the regularities which Baoult had arrived 
at by observation, because, although they had been verified 
sufficiently, they were yet purely empirical statements; 
but when these statements were shown to be necessary 
consequences from more general laws, it was felt that they 
might be used with greater security. 

7. Comparison of the lowerings of freezing-points and 
yaponr-pressures. — The close relation between the change of 
vapour-pressure and the change of freezing-point following 
the addition of a salt to water, which makes itself apparent 
in the corresponding forms of the laws, suggests a con- 
nexion between the numerical values of both effects. Such 
a connexion has been established by Baoult ^ in a purely 
empirical way. He examined 18 salts with respect to both 
properties; the depressions of vapour-pressure refer to 
IOC ; they were determined partly by the barometric, and 
partly by the boiling-point, method. 

' Lined, 8 [1886] ; Berichte, 19, p. 2522. 
« Compt rend. 87, p. 167 [1878]. 
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Salts 


Freezing- 
point 


Yapoor-pressure 






Mercuric chloride . 


•048 


•058 X 7-6 


15-7 




Mercuric cyanide . 




•069 


•087 X 7-6 


219 




Lead nitrate . 




•104 


•110 X 7^6 


36-3 




Barium „ » 




•145 


•137 X 7-6 


36-6 


 


Silver „ . . . 




•146 


•160 X 7-6 


272 




Potassium ferricyanide . 




•146 


•165 X 7-6 


54-3 




Potassium chromate 




•200 


•213 X 7-6 


413 




Potassium sulphate 




i -210 


•201 X 76 


350 




Potassium iodide . 




! 215 


•225 X 7-6 


37-3 




Potassium chlorate 




•215 


•240 X 7-6 


29-4 




Potassium nitrate . 




•245 


•280 X 76 


28-3 




Ammonium sulphate 




•273 


•230 X 7-6 


281 




Potassium bromide 




•295 


•310 X 76 


36-9 




Sodium nitrate 




•347 


•380 X 7-6 


32-3 




AiYiTfinTiinm ti 




•378 
•446 


•361 X 7-6 
•450 X 7-6 


32-5 
335 




Potassium chloride 




Sodium M 




•660 


•604 X 7-6 


35-3 




Ammonium „ 




•639 


•565 X 76 


30-2 





This tabulation of the results shows that the salts stand in 
nearly the same order as regards their influence both on 
the freezing-point and on the boiling-point ; to make the 
comparison more -evident, the numbers in the second 
series are divided by 7*6, which is the mean value of 
the ratio. I have added in each case the products ob- 
tained by multiplying 
the observed numbers 
by this mean ratio. 
Speaking generally, 
the effect of the salt 
increases in propor- 
tion as the atomic 
weight decreases. 

The relation thus 
estabUshed empiric- 
ally by Baoult had 
been deduced theoretically, some years before, by Guldberg.* 
Inasmuch as salt-solution and ice exist together at the 
freezing temperature of a salt- solution, it may be shown ' 

> Compt rend. 70, Psl349 [1870]. 

' The method of proof is elucidated in an earlier chapter. — Translator. 




Fio. 26 
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that the vapour-pressure must be the same over ice as over 
the solution at the freezing temperature, as otherwise a 
perpetual motion would be possible. In a system of co-or- 
dinates, the abscissae of which represent temperatures and 
the ordinates represent vapour-pressures (fig. 26), let w be 
the pressure-curve of water, and e that of ice (which 
Kirchoff has shown to agree with that of water with a 
break at 0°) , and let I be that of the solution ; then the 
freezing-point of the solution is determined by the abscissa 
of the point of intersection of e and Z. Now, by the law of 
Babo and Wiillner (p. 157) the proportional decrease of the 
vapour-pressure of the solution, ^, compared with that of- 

water, jp^, is expressed by the formula ^^^ ■^ =aCf where 

Po 
c is the concentration, i.e. the quantity of salt divided by 

the quantity of water, and a is a constant. 

Another expression may be found for the magnitudes 

of the pressures. According to the dynamical theory of 

heat, the relation between the quantity of heat, r^, required 

to evaporate unit weight of liquid, which in this case 

is water, the pressure, and the volume of the saturated 

vapour, V, is expressed thus : — ^ 

AT cLt 

where t is the absolute temperature, and — is the me- 

chanical equivalent of heat. By substituting for v from 
the equation p^v =: ht, it follows that 

^^o = 4 log. i>o. 



ART^ dt 

A similar formula holds good for ice, only the heat of 
vaporisation, r^ is greater, as the heat of fusion must be 

added ; we have 

r. ^d , 
1 - log. i)i. 



ART^ dt 
strictly speaking, v should be diminished by the volume of the water. 
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^here p^ is the vapour-pressure of ice ; the difference 
between these two is 

r, •— r^ d 



ART* dt \ ^ V.J 



Now, as was seen above, -rj — r^ is the heat of fusion of ice, 
r, and this has the value, r = 79*04 + -49 t. Substituting, 
we obtain 

Pq art 2 

The integral gives approximately log. ^ —.•00954tforthe 

Po 

vapour-curve of ice. Now it was found above that ^^""^^ 

Po 

= ac, therefore ^ = 1 — a c, and we have 

Po 

log. Pi == -00954 1 = log. (1 - a c). 

Po 

By developing the logarithm, and neglecting the terms from 
the second onwards, it follows that -00954 t= — a c, or 

t = •— 105 a c. 

By combining the equation for the vapour-curve of ice with 
that for the salt-solution, with elimination of the equal 
pressure, the point of intersection of both curves is found, 
and we thus obtain the relation between the change of 
vapour-pressure and the change of freezing-point caused 
by the salt. This turns out to be nothing else than the 
law of Blagden ; the freezing-point,— f, changes in propor- 
tion with the salt-contents, c. If the constant a, the 
proportional lowering of vapour-pressure by the unit 
quantity of salt, is calculated from the experiments of 
Wiillner, and the corresponding values are put in the 
equation * = — 105 a c, the lowerings of freezing-point are 
obtained. The results of this calculation are given in the 

annexed table, c being taken as . Considering the 
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approximate character of the calculation, and the differences 
of kind between the numbers, the agreement may be 
regarded as sufficiently close. 



NaCl 
KCl 

Na^SO^ . 
K,SO, . 
NaNOg . 
KNO3 . 
CaClj-SHjO 
K0H.2H,0 
NaOH.liH20 



WUlluer 



•601 
•390 
•236 
•383 
•316 
•196 
•247 
•332 
•409 



BUdorll 



•600 
•448 
•297 
•201 
•370 
•267 
•227 
•396 
•609 



8. Theory of van 't Hoflf. — Prom the foregoing demon- 
stration given by Guldberg, that the depression of the 
freezing-point and that of the vapour-pressure must be pro- 
portional, and from the proportionality which has been 
shown (p. 184) to exist between the latter and osmotic pres- 
sure, the existence of a corresponding connexion between 
osmotic phenomena and those shown in the freezing of 
solutions follows necessarily. This connexion was first made 
known by van 't Hoff, who has made use of it to deduce 
the laws of the lowering of the freezing-points of solutions in 
a more general form than Guldberg could give to them 
twenty years ago. The following exposition repeats, in 
slightly altered form, the reasoning used by van 't Hoff. 

Let there be a large quantity of a solution consisting of 
n molecules of the dissolved substance, and n molecules of 
the solvent. Let t be the freezing-temperature of the 
pure solvent. We lower this temperature to t — A till the 
solvent separates in the solid form, and we allow as much to 
solidify as served to dissolve one molecule of the substance, 

that is - molecules — the quantity corresponding with the 
n 

molecular weight, taken in grams, being always reckoned as 

a molecule. The heat thus produced is an infinitely small 

N 

quantity of the first order, — \, where X is the molecular 

n 
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heat of fusion of the solvent. We now separate the ice and 
the solution and warm both to the original temperature t ; 
by this process the ice is melted, and the quantity of heat, 

— \, is again used. Finally we allow the quantity of pure 
n 

solvent thus obtained to mix with the solution through a 
semi-permeable partition. If p is the osmotic pressure of 
the solution, we gain the work p v, where v is the volume of 
the solvent which was present as ice. 

According to a statement already made use of, the 
relation which the amount of work to be gained bears to the 
total quantity of heat added, in a reversible cyclical pro- 
cess, is equal to that of the temperature-difference to the 
absolute temperature of the change. The work is p r, the 

total quantity of heat is - X ; we have then, 

n 

jp V n _ A 
N\ "" T 

Now 2? a? = R T ; the constant r has the ordinary value, viz. 
2 cals. in thermal measure. As we are dealing here, as 
elsewhere, with one gram-molecule of the dissolved sub- 
stance, it follows, thisrefore, that 

2 — = - or A= - . 

N\ T N \ 

The depression of the freezing-point. A, caused by the dis- 

^ solved substance is proportional to the number of molecules 

of this substance in a specified number, n, of molecules of 

the solvent, and farther, it is proportional to the quantity 

_ , which is dependent only on the nature of the solvent. 

A» 

Comparing this result with the empirical law of Eaoult, 
given by him in the form (p. 215) 

m = — * 

A 

it becomes possible to calculate the constant, k, as follows. 
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The specific depression, a, is equal to — , where p is the 

percentage contents of the solution, and A is the corre- 
sponding depression of the freezing-point. The number of 
molecules of the dissolved substance, n, in 100 grams of the 

solvent is therefore n = ^ , and the number of molecules 

m 

of the solvent is n = , where m and m are the molecular 

M 

weights of the dissolved substance and the solvent, re- 
spectively. By substituting the first values in Eaoult's 

equation we have, 

A = K 71 ; 

and substituting n = — in van 't Hoflf's equation we ob- 

M 

tain, 



A== 



71 M 2 T^ ^ 

100 • T' 



and from both of these. 



K = 



M 



2 t2 _ 2 T^ 

100 * \ ""IOOl 



if we put \ = L M, where l is the ordinary heat of fusion 
calculated for 1 gram of the substance. 

It is possible then to calculate the constant k, found 
empirically by Eaoult, from the heat of fusion, l, and the 
melting-point. Van 't Hoff has carried out this calcula- 
tion with the following results : — 





T 


L 


2T» 
lOOL 


E 


Water .... 
Acetic acid 
Formic acid . 
Benzene 
Nitrobenzene . 


273° 

290 

281-6 

277-9 

278-3 


79 

43-2 

66-6 

291 

22-3 


18-9 
38-8 
28-4 
63-0 
69-6 


18-6 
38-6 
27-7 
60-0 
70-7 



Considering the difficulties and uncertainties which 



i< 
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attend determinations of heats of fusion, the agreement 
between the figures in the fourth and fifth columns may 
well be regarded as a remarkable confirmation of the theory 
of van *t Hoflf. The heat of fusion of nitrobenzene was 
not known before the publication of van *t Hoflf's memoir ; 
he calculated it to be 22-1 cals., using the constant found 
by Eaoult ; and Petterson, who made a direct determination 
at the request of van 't Hoflf, found the heat of fusion to be 
22-3 cals. 

The testing of the foregoing formula has been carried 
farther. The formula is not in keeping with the statement 
made by Eaoult, that one molecule of a substance dissolved 
in 100 molecules of a solvent bring about a depression of 
the freezing-point the mean value of which is '62**. This 
statement is represented by the equation 

n _ A 

N "1-62x100 

where the letters have the same significance as before. But 
the equation of van 't Hoflf reads, 

71 _-A\ . 

N " 2t2 ' 

hence, if both equations are right, it follows that 

2_T« _ T^ 



62 31 

The molecular heat of fusion must then be proportional- 
to the square of the fusion-temperature. 

Eykman ^ has examined the depressions of the 
freezing-points of several solvents produced by dissolving 
in them substances of known molecular weights. The 
following table exhibits the results of comparing the ob- 
served molecular depressions with those calculated by the 
formula of van 't Hoflf, on the one hand, and those calcu- 
lated by Eaoult 's rule, on the other hand: — 

» Zdtschr, f. physikal. Chemie, 8, p. 203 [1889], 
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Observed 


According to 
van 't Hoif 


According to 

Raoult 


Phenol 

Naphthalene .... 

^-Toluidine 

Diphenylamine .... 
Naphthylamine .... 

Laurie acid 

Palmitic acid . . . ' • 


74 
69 
61 
88 
78 
44 
44 


77 
69-4 
49 
98-6 
102-5 
46-2 
(about) 44-3 


68-3 

79-4 
66-3 

104-8 
88-7 

124 

158-7 



Van 't HoflPs formula gives decidedly better results than 
Baoult's rule for phenol, naphthalene, and toluidine ; both 
formulsB show considerable, and about equal, deviations from 
the numbers observed for diphenylamine and naphthylamine; 
the numbers calculated by van 't Hoflfs formula for lauric 
and palmitic acids are almost identical with the observed 
numbers, whereas Baoult's rule leads to numbers which are 
three to four times too large. The reason for the discre- 
pancies between the observed and calculated numbers for 
diphenylamine and naphthylamine probably lies in the un- 
certainty of the values found for the heats of fusion of 
these compounds; the melting-points of the specimens 
used by Batelli did not point to the complete absence of 
impurities. If the heats of fusion,, l, are calculated, by 
the formula of van 't Hoflf, from the observed molecular 
depressions of freezing-point, the results are as follows : — 





Observed 


Calculated 


Phenol 

Naphthalene 

p-Toluidine 

Diphenylamine .... 
Naphthylamine .... 

Lauric acid 

Palmitic acid . . . 


25 

36-5 

39 

21-3 

19-7 

43-7 

50(?) 


261 
35-7 
38-6 
24-4 
26-4 
44-9 
60-4 



The number for palmitic acid was not observed 
directly, but it was calculated from the values for lauric 
and myristic acids. More recently, Eykman^ has tested 
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and confirmed the formula of van 't Hoflf by direct and in- 
direct estimations of some heats of fusion. The numbers 



are: — 





Direct observation 


OalculAted by vau 't 
Hoff 's formnia 


Thymol 

Diphenyl 

Azobenzene 

Urethane 


27-5 

28-5 

29 

40-8 


27-9 
29-4 
29-4 
41 



The agreement is satisfactory in every case. 

9. Practical application of the method. — The law of the 
depression of the freezing-point began to be more used in the 
solution of special chemical problems about the year 1888. 
I was able to show, by the application of this law, that an 
aqueous solution of chromium trioxide contains dichromic 
acid, TL^Grfi^, and not chromic acid, HgCr O4, as was gene- 
rally supposed.^ Soon after this V. Meyers and Auwers * 
pointed out the usefulness of the freezing-method in a 
special case, and Auwers described a method of procedure. 
Methods were also described by Hollemann,^ Hentschel,* 
and Beckmann.* The last-named took up the problem very 
zealously, and to him we owe both a practical arrangement, 
which is now pretty widely used, and also a large number of 
accurate determinations. 

The apparatus used by Beckmann^ is represented in fig. 27. 
It consists of a vessel, a, the size of a large test-tube, furnished 
with a side-tube ; this is placed in the wider but shorter 
tube, B, which serves as an air-jacket. Both vessels pass 
through the lid of a stout cylindrical glass, c, in which the 
cooling material is placed. The tube a is closed with a 
cork which carries a thermometer, and also a piece of stout 
platinum wire bent at the end to form a stirrer. The 

» Zeitschr.f.physikal, ChenUe, 2, p. 78 [1888]. 

* Berichte, 21, pp. 636, 701 [1888]. » Ibid. 21, p. 860. 

* Zeitschr.f.physikal Chemie, 2, p. 306. » IMd. 2, p. 638 [1888]. 

« Beokmann has recently described certain changes and improvements 
(see Zeitschr. /. physikal. Chemie, 7, p. 323 [1891]). 
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thermometer must be very delicate — it is advantageous to 
divide it into himdredtha of a degree — but the readings need 
only extend over a email range, 5° to 10° being sufficient. 
To make the thermometer ap- 
pHcable for different solvents, 
the apper end of it is attached 
to the contrivance shown in 
fig. 28, which is an improve- 
ment on a device introduced by 
Walferdin. The capillary tube 
of the thermometer is bent, and 
then widened into & little vessel, 
which ends in a capillary tube 
opening upwards for the purpose 
of more easily filling the thermo- 
meter. The instrument contains 




enough mercury to allow readings to be taken at the lowest 
temperatures likely to be found in the experiments. To make 
the thermometer available for some solvent, e.g. for acetic 
acid, it is warmed sHghtly above the melting-point of the 
solvent, and then shaken with a short perpendicular motion. 
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The mercury in the small vessel at the top of the thermometer 
is thus separated at the part where the little vessel becomes 
capillary, and the mercury-thread passes into the graduated 
part of the tube when the thermometer id cooled. If too 
much mercury has been cut off, the thread is caused to 
enter the little vessel by warming, the mercury in the 
vessel is joined to the thread by a swinging motion, and the 
mercury is again separated when the required temperature 
has been carefully established. 

An experiment is conducted as follows. The vessel a is 
weighed, and about 25 grams of the solvent, weighed 
to within •01 gram, are placed in it. The pieces of the 
apparatus are then put together ; the outer vessel contains 
cold water if acetic acid is the solvent used, ice and 
water if benzene is used, and ice and common salt if water 
is the solvent employed. The solvent is allowed to freeze, 
while the stirrer is kept in constant motion, and the freezing- 
point is noted. The substance under examination is now 
added, through the side -piece, from a convenient weighing- 
vessel, which is then again weighed, and the weight of the 
substance added is thus determined. As the temperature at 
which the solution and ice are in equilibrium is dependent, 
for one and the same solution, on the quantity of the latter, 
it follows that this quantity should be made as small as 
possible. In order to get an Qiccurate measurement, it is 
advisable to overcool the solution somewhat at first, and then 
to cause the ice to form by careful stirring. For this pur- 
pose, the vessel a is at once plunged into the cooling 
material without the mantle b, and some ice is thus formed ; 
this ice is then allowed to melt until only a little of it 
remains, and then a is surrounded by the mantle b, and 
placed in the cooling material. As soon as the temperature 
has sunk a few tenths of a degree below the freezing-point 
(which is supposed to be known approximately), the stirrer 
is set into vigorous motion, and the separation of finely 
divided ice soon be^s. The thermometer rises for a few 
moments, it then remains stationary for a longer time, and 
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then, as greater quantities of ice separate, it sinks slowly. 
The highest temperature observed is the correct temperature 
of freezing. 

A second portion of the substance under examination 
should be added to the solution, immediately the first ex- 
periment is finished, and a new determination should be 
made to control the first. 

The molecular weight is calculated by Raoult's formula 
(p. 215) 



E 

771 = -. 

A 



That the observed number may be directly put into this 
equation, we must pay attention to the fact that a is the 
lowering of the freezing-point caused by 1 per cent, of the 
dissolved substance. If we have used g grams of the 
solvent, and g grams of the dissolved substance, and have 
observed the lowering of the freezing-point of the solvent to 

be A , then a = _--,^ . and hence 



A G 
100^' 

m = 100 K -^ 

A G 



The values of k are, 



Water 
Acetic acid 
Benzene . 



Raoult*8 mean value 



18-5 
38-6 
600 



Calculated from heat 
of fusion 



18-9 
38-8 
630 



The numbers in the second column are to be preferred 
to those in the first, inasmuch as the heats of fusion of the 
three solvents are known very accurately. 
/ Other pieces of apparatus have been described. Klo- 
bukoff devised an arrangement which is convenient to 
work with, and gives accurate results, but the construc- 
tion is rather compUcated.^ The arrangement proposed by 
Eykman ^ is very simple. It consists of a small flask with 

> Zeitachr. f. phyaikal Chemie, 4, p. 10 [1889]. « Ibid, 2, p. 964 [1888]. 
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a thermometer ground into the neck, and placed in an ordi- 
nary glaes cylinder (fig. 29). There is a contrivance, 
similar to that used by Beckmann, at the top of the ther- 
mometer, to make it enitahle for different regions of tem- 
perature. Sykman contents himself with a division into 
tenths of a degree, as the freezing-temperature remains 
constant sufficiently long to enable hundredths of a degree 
to be estimated by the help of a telescope. 
This apparatus is especially applicable for 
solvents which melt above the ordinary 
temperature of the laboratory, e.g. for 
phenol and similar solvents. 

Finally, it should be mentioned that 
B. Fabinyi ' used naphthalene as a sol- 
vent ; he rubbed the (solid) sabstance to 
be examined with the proper quantity of 
naphthalene to fine powder in a mortar, 
and then determined the melting-point of 
the mixture, in the ordinary way, by 
placing a little of the mixture in a small 
capillary tube, strappiog this to a thermo- 
meter, and warming slowly. The results 
of this process served only as first approxi- 
mations ; Fabinyi, therefore, at a later 
time, preferred to heat slowly larger quan- 
tities of the mixture in a test tube, with an 
'**■ immersed thermometer and a stirrer, and 

thus to determine the temperature of melting. The process 
is limited to solvents which, Hke" naphthalene, do not take 
up moisture from the air, as the presence of moisture often 
affects melting-points to a considerable extent. 

10. Solidifloation-points of alloys of metnls. — The general 
laws regarding freezing-points, like those regarding vapour- 
pressures, have been found to hold good for solutions of 
metals in metals. Tammann ^ examined solutions of metals 

' Zeitschr. f. phyiiJtal. ChtmU, 8, p. 38 [1889]. 
' Ibid. 8, p. Ul [1890]. 
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in mercury, and also in sodium, and obtained the following 
numbers : — 

Solutions in Mebguby; K«425. 





Molecular weight calculated 


Atomic weight 


Potassium .... 

Sodium 

Thallium 

Zinc 


26-8-56-2 

20-6-24-9 

141-221 

62-66 


39-1 

230 

204-1 

66-6 



These, metals seem to be separated into monatomic 
molecules. The value which was used for e was calculated 
from the heat of fusion by van 't Hoflfs formula. The 
solutions in sodium gave results for which no simple explana- 
tion could be found. 

These phenomena have been examined more fully by 
Heycock and Neville.* In their first communication they 
used sodium as a solvent, and they found the following 
depressions caused by solution of one atom of the specified 
metal in 100 atoms of sodium : — 



4 


Atomic depression 


Gold 

Thallium 

Mercury 

Cadmium 

Potassium 

Indium 


4-87-4-60 
4-27-4-73 
4-37-4-63 
317-3-92 
3-34-3-85 
3-37-3-77 



In their second communication tin was used as the 
solvent. The observed atomic depressions were as follows 
for solutions of small concentrations : — 





Atomic 




Atomic 




depression 




depression 


Nickel 


2-94 


Lead 


2-76 


Silver 




2-93 


Tin . 




2-64 


Gold 




2-93 


Cadmium 




2-43 


Ck>pper . 




2-91 


Mercury . 




2-39 


Thallium 




2-86 


Bismuth . 




2-40 


Sodium . 




2-84 


Calcium . 




2-40 


Palladium 




2-78 


Indium . 




1-86 


Magnesium 




2-76 


Aluminium 




1-26 



' Chem. Soc, Jowmal, Trans. 1889, p. 666 ; 1890, p. 376. 
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These solutions evidently obey the law of Coppet and 
Eaoult. Indium, and especially aluminium, show a depres- 
sion which is too small, and, therefore, these metals exhibit 
a tendency to form complex molecules. 

11. Influence of concentration. — An account has been 
given of the observations which show that solutions of 
many salts do not obey Blagden's law of proportionality. 
The depression-coefficients of some substances decrease, and 
those of other substances increase, as concentration increases. 



iSO 



ioo 



m 



« 



TT 







— H 



JUehtn rctmpht rmOxim 

^Ap9t9p henonoxim ticn) 



estimation) 
"Eiwhtscampher 

Acti9phenon 
Benzaldehyd 



LAcdon 



Fio. 30 

Similar phenomena are noticed with solutions of indifferent 
substances, and when different solvents are used. Baoult 
subjected such cases to a fairly thoroughgoing investigation,^ 
which, however, applied almost wholly to solutions of salts, 
whose special behaviour will not be discussed by us at present. 
The first thorough examination of the effect of concen- 
tration on the freezing-points of solutions of indifferent 
substances was made by E. Beckmann,* with the following 
results. In by far the greater number of cases, the mole- 
cular weight calculated by the formula changes nearly in 

> Ann, Chim, Phys. (6) 8, p. 289 [1886j. 

^ Zeitschr. f. physikal, Chemie, 2, p. 716 [1888]. 
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proportion to the concentration, and it generally increases, 
but occasionally it decreases, as the concentration increases. 
If the relation is represented graphically, using the concen- 
trations — or the freezing-points which are nearly propor- 
tional to the concentrations — as abscissae, and the calculated 




non 



t9 Bechtteamtplur^Owim 



monamm 
"WenzaleUhyd 



§..Ac8toxvm 
^•Affeton 



©•^ [Depression 
^fe/* P J* 



4r 7^ tf# 

Fio. 31 




Cja0niUlX»h4lai(Bttn§§l) 



J ChhralallUhtUitiEistsng) 

XUCh^onHankjfdrid (Eisestig) 
Ckhrulhydrat (Eis^ssiff) 



Fig. 32 

molecular weights as ordinates, the curves run almost 
straight, with a sUght inclination towards the axis of the 
abscissae. Figures 30 to 34 show the relations in question 
very clearly.^ 

* As these plates are printed from the German electrotypes, the German 
names for the various compounds are retained ; thesOumBsnfi&su) nearly 

[( UNIVERSITY 
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The behaviour of some of the compoundB represented 
in fig. 80 differs considerably from that of most of the other 
substances ; these abnormal compounds are dextro-camphor- 
oxim, benzaldoxim, acetophenoxim, and acetoxim. The 







Afthi/lbentoat 
EsHgsdAirt 

FheneM 



900 



SSO 



x» 
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^^enzohsdurg' Ajthyd rid 
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ioo 



AithylcUlkihol 



Fig. 34 

curves of these compounds show a marked curvature, in 
place of being nearly straight lines, and indicate an increase 
of the molecular weights to nearly double the original 

the same as the English names that English students will find no difficulty 
in translating them.— 2Van«2ator. 
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Talues. Belations different from those which hold good in 
other cases evidently prevail here. One will not go wrong 
in regarding solutions of these oxims in benzene as ana- 
logous with the vapour of nitrogen peroxide at a moderate 
temperature. Most of the molecules in dilute solutions, 
on the one hand, and at small pressures, on the other 
hand, exist as simple molecules ; the greater the concentra- 
tion, or the greater the pressure, the more do the molecules 
combine to form double molecules. 

Not many substances show a behaviour of this kind. 
Eykman has examined a very great number of substances 
in very different solvents ; the results of his measurements 
are represented on the next page by the same method as 
is employed in figs. 80 to 84. The names with two lines 
beneath denote the solvents, the others denote the dissolved 
substances.^ The numbers express the constant e of Baoult's 
equation, determined from the observed lowerings of 
freezing-point and the molecular weights (taken as known) 
of the dissolved substances. Almost all the curves are seen 
to be straight lines. 

This investigation shows that the best approximations to 
the true molecular weights are obtained by prolonging the 
lines which represent the observed values as far as the 
axis of the ordinates, and regarding the portions which are 
cut off, that is, the molecular weights at infinite dilution, as 
correct. This result might be foreseen, inasmuch as the 
theory of van 't Hoff gives only approximate results for finite 
concentrations, and can be accepted as strictly correct only 
for infinitely small concentrations. 

12. Theory of the deviatioiiB. — As one gram-molecular 
weight of a gas at 0° and 760 mm. pressure occupies 22*4 
litres, so the osmotic pressure which prevails in a solution 
of the same quantity in 1 litre amounts to 22*4 atmospheres. 
Now the compound gases of simple composition show 
marked deviations from the gaseous laws at such pressures 
as this, and similar deviations, but to a greater degree, are 

> See footnote on p. 233. 
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to be expected in the cases of the more complex substances 
with which we are now concerned. 

As the behaviour of gases may be expressed, even to 
great pressures, with a near approximation to the truth, by 
the formula of van der Waals, 



(p + 72) (^- t) =RT, 



so it is possible, by using a similar formula, to calculate 
the deviations from the simple laws which are shown by 
solutions. After I, led thereto by the results of electrical 
measurements, had pointed out the need of looking at these 
secondary actions in the way referred to already,^ the neces- 
sary calculations were furnished by Bredig * and A. Noyes.' 
The demonstration of the last-named author is given here. 
Let p be the osmotic pressure, and v be the volume, of 
a solution which contains one gram-molecular weight of a 
substance ; let b be the molecular volume of the dissolved 
substance, in the ordinary meaning of the term, b the space 
occupied by the molecules of the dissolved substance, and c 
the space occupied by the molecules of the solvent, referred 
to the unit- volume of the same. Then the correction to be 
made for volume, corresponding with the formula of van 
der Waals, is 6 + (v — b) c. The correction for pressure is 

proportional to, on one side, ^ , and on the other side, 
; if a is the corresponding constant for the attraction, 

V 

the correspondmg value may be put as - • ^-—^ , and we 

. V V 

have 

(i> - I • ^-^{ (v - [6 + (t; - B) c] ) = K, or 

^ Zeitachr.f.physikah Chemie, 2, p. 280 [1888]. 

« Ibid. 4, p. 444 [1889]. " Ihid. 5, p. 63 [1890]. 
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Now B is small as regards v, and as ~ is small as regards 
Py we may put — "^^ = 1. Hence it follows that 

/ a\ f 6— Bc\ 6— Bc , a 6— bc k 

V vJ\ 1— c/ ^ ^1— c V 1— c 1— c 

In the term - . , ^ - , which is not large, - may be re- 

V 1 — c V 

placed, in accordance with the simple gaseous law, hj UiP, 
where a^ is a new constant ; we thus arrive at the formula 



P 



,^ . 6 — B ) K 



or, by introducing two new constants, (1 — a^) =zd 

and ,— ^ 4 a = Kj, we have 
1 — c 

p (i? — d) = Kp 

The simpUfications which have been made have led to a 
form of the equation which regards the pressure-forces due 
to the interactions of the molecules as absent, and takes 
cognisance only of a correction for volume. It has been 
shown that a formula similar to this is in keeping with the 
facts concerning gases.' 

To make this formula applicable to observations of 
freezing-points, it is only necessary to remember that the 
lowering of freezing-point. A, is proportional to the osmotic 
pressure. If v has the same meaning as before, the product 
A (v — d) must be constant. As d is to be found from the 
experimental results, it is calculated from two observations 
which have given corresponding values, Aj and v^, A^ and 
v^ ; Ai (r - d) = A^ (v^ - d) ; 

A, -A, 

* Beference is made here in the original to an earlier chapter in the 
Lehrhuch.— Translator, 
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An example is given to show in how far the formula is in 
keeping with the observed results : — 

Acetone in Benzene (Beckuann). 



A 


V 


Ao 


A (v-d) 


Deviation 


0-405 
1-220 
3-615 
5-365 
8-470 


14010 
4-594 
1-507 
0-992 
0-609 


6-674 
6-606 
5-448 
5-322 
5-157 


5-700 
6-684 
5-679 
5-666 
6-686 

1 


+ -0021 
+ -0005 
0-0000 
— -0013 
+ -0007 



The mean value of A (r — d) is 5*679, and the . mean 
value found for d is '064. The last column shows that the 
deviations, as far as the first doubtful number, do not exceed 
2 per thousand. The agreement is equally good in a great 
many other measurements. As an example, the numbers 
obtained in a series of experiments with chloral hydrate are 
appended ; the solution used for the last measurement con- 
tained about 85 per cent, of the substance. 

Chloral Hydbate in Water (Beckmann). 



A 


V 


Ao 


A (»-d) 


Deviation 


0-775 


2-596 


2-012 


1-942 


+ -001 


1-365 


1-506 


2-055 


1-932 


-•009 


1-915 


1-097 


2101 


1-929 


--012 


3-145 


0-705 


2-216 


1-933 


--008 


4-165 


0-5585 


2-326 


1-951 


+ -010 


5-350 


0-4664 


2-442 


1-960 


+ •017 


6120 


0-4074 


2-495 


1-943 


+ -002 



The value of d was found to be '09 ; while A v increases 
from 2*01 to 2*5, i.e. by a fourth of its value, A (i; — d) 
remains constant to within a half per cent. 

We have still to inquire into the meaning of the constant 
d. The value of this constant is sometimes positive and 
sometimes negative ; but a negative volume is unthinkable. 

We have 

d^\=-^(b^Bc); 
1 — c 
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the factor j-^— * is always positive, hence the sign of d will 
1 — c 

agree with that of 6 — b c. Now h is the volume of the 
ponderable substance of the molecules of the dissolved sub- 
stance, and B c is the corresponding volume of the molecules 
of the solvent in the same exterior space; for b is the 
molecular volume, as this term is commonly used, of the 
dissolved substance, and c is the space occupied by the 
molecules of the solvent, in the unit of space. The quan- 
tities h and b c are not known immediately. But if we take 
&o and h^ as the volumes of one molecule of the solvent and 
the dissolved substance, respectively, and a^ and a, as the 
relative number of these molecules In the unit of space — or 
the quotients of the specific gravities by the molecular 
weights — then we can substitute h and b c by the propor- 
tional values &i A^ tuid h^ a^. By working this out, and 
combining all unknown quantities into one constant x, we 
obtain the equation 

and for a second substance 

X = A2 Og — " Aq Oq J 

Bj 

hence 



— — — —  Aj 0| — A2 02* 



Bi Bj 



This equation enables conclusions to be drawn, under cer- 
tain conditions, as to which of the molecules that are com- 
pared is the greater. Inasmuch as x is positive, both 
differences have the same sign. Now let the left side of the 
equation be positive, then a^ — a^ will be negative. It is then 
necessary that 6^ should be greater than \^ as otherwise the 
difference a, 61 — a^ \ could not be positive. On the other 
hand if a, — a^ is positive, no conclusion can be drawn as 
to the relative magnitudes of h^ and 6,. In the same 
way, if the left side of the equation is negative and Aj — a. 
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is positive, it is necessary that b^ < b^; if both sides 
of the equation have the same sign, no conclusion can 

be drawn. The equation — ^ x = Aj fcj — A^fco may be treated 

in exactly the same way. 

In the case of the solutions in benzene, the ' irreducible ' 
case seldom occurs, and by determining, in the way de- 
scribed, which molecules are greater than others, the follow- 
ing order is obtained : 

Acetone < benzene < acetophenone < acetal < cam- 
phor < ethyl benzoate < naphthalene < benzaldehyde 
< nitrobenzene < benzophenone < phenetol. 

The mutual relations of these compounds have been 
determined independently in several cases (generally six), 
and no deviation has been found in any case. The method 
of procedure may then be regarded as a suitable one, and 
as well fitted for setting forth the fetcts. 

18. The molecnlar weights of dissolved snbstaaoes. — The 
use of the law which has been set forth in preceding para- 
graphs is sometimes opposed on the ground that it does not 
always lead to the ' proper * molecular weight. For instance, 
the molecular weight of acetic acid dissolved in benzene 
was found by Baoult to be 120, which is twice that required 
by the formula C2H4O2 ; therefore, it has been argued, ben- 
zene is not a suitable solvent when the molecular weight of 
acetic acid is to be determined. The supposition which 
underlies this argument is that a specified substance can 
have but one molecular weight ; but this supposition is quite 
erroneous. Even when attention is confined to the classical 
method of determining molecular weights, the method of 
vapour densities, it is necessary to admit that the value of 
the molecular weight of one and the same substance is 
sometimes dependent on the temperature and pressure. 
Nitrogen peroxide, for instance, has the molecular weight 
92, and the formula N2O4, at low temperatures and great 
pressures, and at high temperatures and smaU pressures it 
has the molecular weight 46 and the formula NOg. In the 

B 
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same way, we know that iodine, sulphur, and many other 
substances exist in two different molecular conditions. 
. It is not, then, to be wondered at that a definite substance 

^ should exhibit different molecular conditions when dissolved 
in different solvents. The different solvents act like different 
temperatures or pressures. So far as experiments have 

>( gone, it appears that hydrocarbons exert the smallest effect 
on the molecular state of the dissolved substance. Such 
hydroxyl compounds as acids, alcohols, phenols, &c., gene- 
rally show greater molecular weights when dissolved in 
benzene than correspond with their accepted formulae 
Naphthalene and ethylene bromide behave like benzene, 
while those compounds which show greater molecular 
weights in solutions in hydrocarbons generally give ^ normal ' 
values when dissolved in ether, the determinations being 
made by the method of vapour-pressure or boiling-point. 
Acetic acid exerts a more marked action in breaking down 
such weak combinations, and the action of water is still 
more energetic. 

As it is essential for the chemist, at present, to be able 
to determine only the smallest of the possible molecular 
weights of the substances whose properties he examines, he 
will generally prefer water or acetic acid as a solvent, as in 
these solvents substances show molecular weights which 
agree, for the most part, with those determined by the 
method of vapour-density. The cases wherein greater mole- 
cular weights are found are, however, of especial importance 
in understanding the nature of chemical afinity, and the 
equivalency of atoms : for such cases throw light on those 
finer and weaker combinations which are almost invariably 
torn asunder, and, therefore, do not come into consideration, 
in the comparatively coarse processes of chemical change, 
although they certainly exist, and have an influence on 
these processes. If acetic acid, dissolved in benzene, has a 
molecular weight corresponding with the formula 2(C2H402), 
then the molecules of pure liquid acetic acid are not smaller 
than this, although they may be greater. On the other 
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hand^ ethylic acetate does not show, in any solvent, a mole- 
cular weight greater than the formula C4H8O2 requires; 
hence it is probable, but not certain, that this compound / 
does not possess any tendency to form more complex mole- 
cular aggregates, at the ordinary temperature, and there- 
fore it is also probable that the liquid compound consists 
of molecules agreeing with the simple formula given 
above. 

The results obtained by this way of looking at the 
matter show a remarkable agreement with those arrived at 
by Eotvos,^ concerning the molecular state of certain 
substances, from measurements of surface-tensions. In 
alcohol and acetic acid he found molecules greater than ^ 
corresponded with the ordinary formulse. In water also, 
according to Eotvos, there are complex molecules. The 
same thing has been found by Eykmann * for solutions of 
water in paratoluidine, and by Walker^ for solutions of 
water in ether. * 

14. Cryohydrates. — ^As the solubility of a substance in 
water generally decreases as temperature decreases, there 
must be, in most cases, a certain solution for each substance 
which is just saturated at the freezing-point. If such a 
solution is cooled, and supersaturation is prevented by 
addition of ice and solid substance, the substance in solu- 
tion and ice must separate in the same proportion as that 
in which they are present in the solution ; the temperature 
will remain unchanged until all is solidified. So on adding 
heat, the solid mixture will liquefy and the temperature will 
remain unchanged, as occurs with homogeneous substances, 
until all is melted. 

Guthrie* gave the name Cryohydrates to the bodies 
produced in this way; he looked on them as chemical 
compounds because they possessed constant melting and 

» Wied. Ann. 27, p. 462 [1886]. 

' Zeitachr. f. phyaikal. ChenUe, 4, p. 610 [1889]. 

« Ibid. 6, p. 197 [1890]. 

* Phil. Mag. (4) 49, p. 1 [1876] ; (5) 1, p . 49 ; 2, p. 211 [1876]. 

B 2 
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solidifying points and constant compositions. An investi- 
gation made by Oflfer ^ has shown, however, that there 
is no ground for regarding these substances as true 
compounds. The relations stated above account completely 
for the constancy of the melting-points and the composition ; 
and the composition cannot be expressed quite accurately 
in accordance with atomic proportions. We have evidently 
to do with substances which are similar to the mixtures 
having constant boiling-points, spoken of on pp. 45, 46 ; it 
is also probable, although the matter has not yet been 
examined, that the composition of the cryohydrates, like 
that of the liquids referred to, is dependent on pressure, 
inasmuch as pressure exerts dilOferent effects on solubility 
and freezing-point. 

Offer showed that the cryohydrates are not produced 
in weU-formed translucent crystals, but always in opaque 
masses ; that alcohol dissolves ice from them and leaves a 
network of solid salt ; that the heat of solution of a cryohy- 
drate is the sum of the heats of solution of the ice and 
salt which form it ; and, lastly, that the specific gravity is 
equal to the mean specific gravity of the constituents. The 
third and fourth observations show that neither a volume- 
change nor a thermal change occurs in the formation of the 
cryohydrates ; but these changes are never absent in the 
formation of true chemical compounds. The cryohydrates 
cannot, then, be regarded as chemical compounds. 

These mixtures are particularly useful for maintaining 
constant temperatures below zero, inasmuch as by causing 
the melted part to solidify in a freezing-mixture the tempera- 
ture may be kept at the melting-point of the cryohydrate 
for an indefinite time. 

The peculiar properties of mixtures which were observed 
by Guthrie are completely explained by the mutual in- 
fluence of the substances on their solubility. 

The further developments made by Guthrie concerning 
the solubilities of salts below 0°, and the conception of 

» Wien, Akad. Ber, 81 (2nd part), p. 1068 [1880]. 
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unsaturated solutions as solutions of ice in cryohydrates, 
and of supersaturated solutions as solutions of salts in 
cryohydrates, may be passed over, as the observed facts 
may be predicted from our knowledge of the freezing ol 
solutions. 
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CHAPTER IX 

* 

SALT-SOLUTIONS 

1. Generalities. — Aqueous solutions of salts, and aqueous 
solutions of the strong acids and bases, dilOfer in many 
respects from solutions of indilOferent substances ; the former^ 
however, follow certain simple and definite laws, which do 
not hold good for the latter. It is evident, then, that 
aqueous salt-solutions present peculiar relations ; the study 
of these forms the subject-matter of the present chapter. 

It has been pointed out several times already that salts 
in solution behave as if the solutions contained a greater 
number of molecules than corresponds with the formula of 
the dissolved salts, and the conclusion has been drawn that 
these compounds are separated in their aqueous solutions 
into simpler constituents. The term ' salt ' is used here, for 
the sake of brevity, as including the free acids and bases. 
Now in the case of such a salt as potassium chloride, the 
only simpler constituents are potassium and chlorine; 
hence an aqueous solution of this salt must contain both 
elements in the free state. 

This conclusion, which was arrived at by Arrhenius,* 
and shortly afterwards (from quite dilOferent considerations) 
by Planck,^ seems to be in glaring opposition to all experi- 
ence. For potassium is a metal which cannot be in con- 
tact with water without decomposing the water violently, and 
chlorine is a greenish, strongly smelling gas. But none of 

> ZeiUchr, /. 'phy^ihaX, Chemie, 1, p. 681 [1887]. 
* Ibid. 1, p. 577 [1887]. 
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these properties can be detected in a solution of potassium 
chloride. 

Two replies may be made to this objection. The ele- 
ments chlorine and potassium, as we know them, are mole- 
cular combinations, chlorine being composed of two atoms, 
and potassium of an unknown number of atoms. The 
chlorine and the potassium in solutions of potassium 
chloride are the elements in the atomic condition. Farther, 
the elements contained in a solution of potassium chloride 
are charged with enormous quantities of positive and 
negative electricity, respectively. This follows from the 
phenomena of electrolysis, which phenomena force us to 
the same conclusion as that now arrived at — to the conclu- 
sion, namely, that parts of the molecules, or ions, of salts 
are contained, like free molecules, in the solutions of these 
salt?. 

It must be clearly understood that this freedom exists 
only within the solutions ; the removal of an ion from the 
solution is at once opposed by molecular and electrical 
forces of considerable magnitude. The development of 
these relations belongs to another place ; it will suffice to 
say here that the conclusions which foUow from the theory 
of solutions are the same as those which are necessarily 
arrived at by following the theory of electrolysis. While, 
therefore, I do not put forth here the proofs of the possibility, 
and the necessity, of the existence of free ions in the 
solutions of salts, I shall develope the conclusions which 
follow from this supposition. 

The most general conclusion to be drawn from the 
hypothesis of free ions is that the properties of salt-solutions 
must be capable of representation as the binary sums of the 
properties of the two ions.^ As the ions are not in imme- 
diate combination with one another, no mutual determina- 
tion of the properties of the ions occurs, and as far as the 
effect of one ion on the total properties is concerned, it 
does not matter what other ion is present at the same time 

^ ArrheciuB, Zeitschr, f. physikdl, Chemie, 1, p. 681 [1887]. 
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in the solution. But it must be clearly understood that 
this conclusion has reference only to the limiting case that 
the whole of the dissolved salt has separated into ions. 
This, occurs, theoretically speaking, only in infinitely dilute 
solutions. In actual practice, solutions of salts more 
nearly agree with the general law stated above, the more 
dilute they are. It is found that many salts are separated 
to such a great extent into their ions in solutions of 
moderate dilution that the additive character of their 
properties comes into view in a very clear way. 

2. Chemical properties of salt-BolntionB. — Before consider- 
ing the physical properties of salt-solutions it will be well 
to recall the additive character of their chemical properties.* 
Chemical compounds generally show behaviours that are 
characteristic of each, but these allow conclusions from 
analogy to be drawn only in departments that are closely 
allied, and even in these cases they do not exhibit regular 
agreements. We do not know why the chlorine compounds 
of carbon belong to the most stable compounds, especially in 
their indifference towards the action of water, while nitrogen 
chloride explodes under the smallest provocation, although 
it is not decomposed by water, and silicon chloride is 
decomposed rapidly by water, although it withstands the 
action of heat ; conclusions, drawn from the characters of 
the chlorides of carbon, regarding the chlorides of the 
allied elements silicon and titanium, would lead us into 
error, as certainly as conclusions regarding the chlorides of 
phosphorus and arsenic, drawn from the properties of 
the chloride of the allied element nitrogen, would be erro- 
neous. 

The regularities shown by the chemical reactions of 
aqueous solutions of salts stand in the most marked 
opposition to these differences. If barium compounds in 
solution produce a white precipitate in a solution, which 
precipitate is insoluble in hydrochloric acid, we are as sure 
that sulphates are present as we should be certain of their 

* Ostwald, ZeitBchr. /. physikcU, Chemie, 8, p. 696 [1889]. 
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absence did no precipitate form. The nature of the metal 
with which the sulphuric acid was in combination does not 
exert the least influence, qualitatively or quantitatively, on 
the result. The same state of matters holds good in^all 
analytical reactions. The law of the mutual independence 
of the constituents of salts in solution becomes very promi- 
* nent in these occurrences. There is no reagent for detecting 
sodium chloride; the reagents used detect only chlorine 
and sodium ; and these reagents are effective for all solutions 
in which chlorine, on the one hand, and sodium, on the 
other hand, are present as ions. 

A substance which is not present as an ion ceases to 
show the characteristic reactions of that substance. Silver 
is a reagent for chlorine, but silver does not show the 
presence of chlorine in the perchlorates. This is because 
the ions of these salts are, e.g., K and Gl O4 ; chlorine is not 
an ion of the perchlorates, and these salts, therefore, do not 
show the reactions of chlorine. But if a perchlorate is 
changed into a chloride by heat, a solution of the chloride 
shows the chlorine-reactions because chlorine ions are now 
present. 

8. Specific gravity and specific volume. — The specific 
gravities of many salt-solutions have been determined with 
great care, with the object of furnishing aids of the simplest 
kind in analysis, because such salt-solutions are much used 
both in the laboratory and in manufacturing operations. 
As the specific gravities of such solutions, generally 
speaking, are direct functions of the contents of the solu- 
tions, it is easy to find the contents when the specific gravity 
is known. 

The customary representation of the relation between 
space and mass in the form of specific gravity has made 
difficult, and tended to put aside, the comprehension of this 
relation. For in the simplest case, where no volume-change 
occurs on mixing a concentrated solution with water, the 
specific gravity of the mixture bears no simple relation to 
the specific gravities of the constituents. Let s be the 
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specific gravity of the concentrated solution, and Sq that of 
the pure solvent. If we mix m parts of the solution with 
Mq parts of the solvent, then, on the supposition that no 
change of volume occurs, the total volume of the mixture is 

??: + ^, and as the total weight is m + m^, the specific 

8 8q 

gravity of the mixture is given by the somewhat obscure 
expression , . . 

But if use is made of the specific volume, simple formulae 
are obtained. Let <^ be the specific volume of the solution, 
and <^o that of the solvent, m and tUq being the parts of 

each, then the specific volume of the mixture is ^ 9 + ^o ro ^ 

m + tUq 

which corresponds with the ordinary mixture-formula. If 
the supposition that the mixture takes place without 
volume-change is not fulfilled, then the difference between 
the specific volume calculated as above and the observed 
specific volume furnishes a direct survey of the direction 
and value of the volume-change, which survey can be gained 
only by a somewhat complex calculation when the notion of 
specific gravity is employed. 

As regards the question of the volume-changes which 
occur on diluting concentrated salt-solutions, it has been 
known for long that such dilution is accompanied by con- 
traction, i.e. by decrease of volume. This effect is most 
marked when concentrated solutions are used, and it 
decreases the more the greater the dilution. If a concen- 
trated salt-solution is diluted to twice its volume, and the 
same degree of dilution is repeated with the dilute solution, 
and so on, the volume-changes which occur are smaller the 
farther the dilution is carried. And this holds good not only 
for equal quantities of the differently concentrated solutions, 
but also for those in which the same weight of salt is always 
present, and in which, therefore, the observed total volume 
increases on dilution. 
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These relations were called into question, for a time, by 
an investigation of Michel and Krafft,^ who asserted, but 
on insufficient grounds, that no change of volume occurs 
when salt-solutions are diluted. Kremers,^ who had clearly 
demonstrated such volume-changes, soon contradicted this 
assertion, and subjected the questions regarding the specific 
gravities of salt-solutions to very full experimental examin- 
ation. Kremers did not arrive at any very clear results, 
because of an inappropriate method of considering the 
data, but he gathered together many measurements which, 
when properly;^ treated, lead to important results. 

At a later time Nicol ^ considered the changes of volume 
which accompany the dilution of salt-solutions with refe- 
rence to stoichiometrical considerations, but without any 
very special results. Nicol thought he had discovered a 
connexion between the volume-changes and the solubility of 
the salt in solution, but the data were too scanty to establish 
his statement with certainty. 

It is sufficient here to refer to the work of Charpy,* 
which indicated certain stoichiometrical relations. 

Finally, the following facts should be mentioned. If 
the volume of the water in a salt- solution which contains a 
specified amount of a salt is deducted from the volume of 
the solution, the result gives the apparent volume of the 
salt in solution. It follows from what has been said already 
that this volume will be the less the greater the quantity of 
water, and that it will asymptotically approach a limit as 
dilution increases. Now, it is observed that the apparent 
volume of the salt in solution, in certain cases, may pass 
throu^ zero and become negative, so that the solution 
may at last attain a smaller volume than that of the water 
which has been employed in making the solution. 

This fact is of interest in so far as it shows that the 
volume-change which occurs on dilution does not affect the 

» Ann, Chim, Phys, (3) 41, p. 471 [1864]. 

« Pogg. 95, p. 110 ; 96, p. 39 [1866]. 

» PhU. Mag. (6) 16, p. 121 [1883]. * Campt rend, 109, p. 299 [1839]. 
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salt only, but that reactions occur between the molecules of 
the salt and those of the water, which, in turn, result in a 
decrease of volume. The > apparent volume of the salt in 
solution, as defined above, is the difference between the true 
volume of the salt and the change of volume which is 
brought about by the reaction between the salt and the 
water. As the true volume of the salt cannot be negative, 
the fact that the difference may have a negative value 
shows that the change of the volume of the water, caused 
by the dissolved salt, has a value comparable with, and 
under certain conditions exceeding, the true volume of the 
salt. 

4. Yalson's law of the moduli. — The first observations re- 
garding the sto'ichiometrical relations of salt-solutions were 
made by F. Valson ; ^ the method was the inconvenient one 
of considering the specific gravities of the solutions, which 
had already been , employed by Kopp in other inquiries. 
If solutions of various salts, each containing one gram- 
equivalent per litre, are considered, it is found that the 
differences between the specific gravities of solutions which 
contain two specified metaJs in combination with the same 
acid have an equal value, whatever be the acid, and, 
similarly, that the differences between the specific gravities 
of the solutions of two salts of the same acid are indepen- 
dent of the nature of the metal of the salts. The specific 
gravity of a salt-solution is obtained by adding, to a normal 
value, two numbers, one of which is determined by the 
metal and the other by the acid. Valson called these 
numbers moduli. He selected a liquid of very low specific 
gravity, viz. solution of ammonium chloride with S.Gr. 
1*015, as the standard solution. It would have been better 
had he chosen water ; it would then . have been necessary 
to increase one series of moduli by 15. Valson' s table is 
appended ; the numbers are referred to equivalent quantities 
(H = 1), e.g. Mg is calculated as 12*2 and not as 24*4. 
The numbers are multiplied by 1,000. 

» CoinpU rend. 78, p. 441 [1874]. 
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Ammoniam 


. 


Cadmium . . . .61 


Potassium 






. 30 


Lead 






. 103 


Sodiom . 






. 25 


Silver . 






. 106 


Calcium 






. 26 


Chlorine 






. 


Magnesium 






. 20 


Bromine 






. 34 


Strontium 






. 55 


- Iodine . 






. 64 


Barium . 






. 73 


Sulphate 






. 20 


Manganese 






. 37 


Nitrate . 






. 15 


Iron 






. . 37 


Carbonate 






. , . 14 


Zinc 






. 41 


Bicarbonate . 






. 16 


Copper . 






. 42 











To find the specific gravity of a normal solution of 
potassium nitrate, for instance, it is necessary to add to the 
standard number, 1*015, the number '03 for potassium, 
and '015 for nitric acid ; the result is 1-06, which agrees 
with the experiments. The rule holds only for dilute 
solutions. An extension has been made to solutions of any 
concentration by C. Bender.^ This investigator divided the 
differences of specific gravities by the number of equiva- 
lents, and found that the quotients agreed with Yalson's 
moduli. In other words, he found that the difference be- 
tween the specific gravities of the solutions of two substances 
containing equal numbers of grarorcquivalents in a litre ^ was 
proportional to the number of the equivalents. The follow- 
ing table illustrates this rule ; /x is the number of equiva- 
lents, and A is the difference of specific gravities : — 



ft 


NH^Cl 


KCl 


KCl^ 


NaCl^ 


LiOl^ 


iBaCI,^ 








f* 


/* 


M 


/» 


1 1 


1-0157 


1-0444 


287 


244 


78 


738 


2 


1-0308 


1-0887 


289 


240 


78 


736 


3 


1-0451 


1-1317 


289 


238 




732 


4 


1-0587 






234 


79 




6 


1-0728 




— 


232 


76 





The specific gravities of solutions of NH^Cl and KCl 
are given in the table, only the differences are shown for 

» WUd. Ann. 20, p. 560 [1883]. 

^ Bender did not consider solutions containing one gram-equivalent in 
one litre of water, but those which contained one or several equivalents per 
litre of the whole solution. 
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the other salts. The differences divided by the number of 



equivalents are placed under K*.C1 



The other columns 



contain values for other salts calculated in the same way, 
all being compared with sal-ammoniac. Almost all the 
quotients decrease as fi increases ; but this depends only 
on the choice] of the liquid for comparison — had NaCl been 
chosen the quotients would have remained more nearly con- 
stant. The quotients — are the moduli of Valson. The 

specific gravity of any solution containing fi equivalents in 
a litre is, then, obtained by adding the moduli of the salt, 
multiplied by /x, to the specific gravity of a solution of 
sal-ammoniac which contains the same number of equiva- 
lents. The following values for the m^odtdi were obtained 
by Bender ; they hold good at 18° :— NH^ = 0, K = 296, 
Na = 285, Li = 72, iBa = 739, ^Sr = 522, ^Ca = 282, 
iMg = 221, iZn = 410, ^Cd = 606, iCu = 418, iAg 
= 1069, CI = 0, Br = 370, I = 738, NOj = 160, ^SO^ 
= 200. 

To take an instance : it is required to find the specific 
gravity of a solution of calcium bromide containing 8 
equivalents per litre. To the specific gravity of the corre- 
sponding solution of sal-ammoniac, viz. 1-0451, add 8 
(•0282 + -037) = -1956 ; the result is 1-2407 ; the number 
observed by Kremers was 1*2895. The specific gravities 
of sal-ammoniac solution are 



n 


s.a. 


1 
2 
3 
4 


1-0163 
1-0299 
1-0438 
1-0677 



One must not deceive oneself as to the consequences of 
these results. The stoichiometrical law on which they are 
based is not set forth clearly ; the method is not a rational 
one, inasmuch as it does not rest upon simple and present- 
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able conceptions. It was pointed out before, that the 
notion of specific gravity is not suited for representing 
etoichiometrical laws, because the quantities dealt with are 
not comparable ; the conception of specific, or molecular, 
volume should be employed. The extension of Valson's 
law to solutions of different concentrations is made possible 
by the fact that equivalent salt-solutions contract nearly 
equally on dilution. The magnitude of the contraction is 
unimportant ; a mean value is easily found which leads to 
results that are more in keeping with experiment than those 
calculated on the arbitrary assumption that all salt- solutions 
contract to the same extent as solution of ammonium 
chloride. 

The reason for the observed regularities which, as has 
been said, afford only a somewhat distorted representation 
of the true laws regarding the molecular volumes of salt- 
solutions, is to be found in the regular volume-changes 
which accompany the formation of salts in aqueous solutions. 
Before considering these volume-changes, notice should be 
taken of an investigation made by Groshans ^ in which an 
addition is made to the molecular method of regarding the 
phenomena. Groshans found that the difference between 
the molecular volume of a salt-solution and that of the 
water in the solution decreases as the quantity of water in- 
creases, but approaches a limit asymptotically. This limit 
of the difference which may be regarded as the molecular 
volume of the dissolved salt, was determined by help of an 

interpolation-formula, d s= 1 + ^, where d = specific 

w -{- p 

gravity, w = quantity of water referred to unit quantity of 

the salt, and a and fi are constants. The limiting values 

thus obtained show a close correspondence with Yalson's 

law of the moduli, for they are found to be the sums 

of two constants, one of which is determined by the acid 

and the other by the base. The farther development made 

by Groshans is not based on those limiting values, or ' rests,' 

> Wi4td. Ann. 80, p. 492 [16631. 
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as he calls them, but on the values of the quantity a, which 
is defined by the relation r = a (1 — a), where r = the 
'rest' and a = the molecular weight of the salt. This 
quantity has rather a complicated signification ; it is the 
amount by which the specific volume of the * rest ' is less 
than unity. The further conclusions of Groshans become 
unreal; they are algebraical relations without physical 
significance. The unsuitabiUty of specific gravity to 
stoichiometrical considerations becomes evident once more ; 
had the author kept to the consideration of molecular 
volumes, and had he not brought in the quantity a in place 
of the specific gravity formula, bis determinations of the 
volume-components of infinitely dilute salt-solutions would 
have been of great stoichiometrical interest. 

6. Changes of volume in chemical processes. — Yalson's 
law of moduli bears a very close relation to the volume- 
changes which accompany chemical processes occurring in 
aqueous solutions. In 1859, Gerlach ^ announced the im- 
portant fact that expansion, and not contraction, occurs 
when a solution of potash is neutralised by dilute acids. 
After this, Tissier ^ carried out experiments on the subject. 
Inasmuch as the chief results of this meritorious work do 
not belong to our present purpose, they are not given here. 
It may be mentioned, however, that Tissier established by 
direct experiments the expansion of alkali solutions on 
neutralisation which had been deduced by Gerlach by cal- 
culation. Solutions of ammonia showed contraction. 
Tissier explained this by supposing that water is formed 
when potash or soda is neutralised, but not when ammonia 
is neutralised. But it is to be noted that the volume- 
increase m the former cases is greater than the volume of 
the water formed, and that the atoms which formed water 
could not be supposed to have occupied no space before the 
neutralisation. 

At a later time J. Begnauld ^ published some similar 

> SalzlHsungm (1859), p. 73. ^ Jahresber. 1859, p. 45. 

> Ibid. 1865, p. 69. 
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measurements which, on the whole, confirmed the former 
results : expansion occurred on neutralisation of potash, 
soda, baryta, and thallium oxide ; contraction occurred with 
ammonia and ethylamine. Begnauld's explanation was 
the same as that given by Tissier. 

An extended investigation of the volume-changes which 
accompany the neutralisation of solutions of potash, soda, 
and ammonia, by various acids, led me ^ to stoichiometrical 
relations, which make clear the cause of the law of Yalson. 
The solutions employed contained one gram-equivalent of 
the base, or acid, in one kilogram ; the changes of volume 
are expressed in cubic centims. It appears that the volume- 
change is dependent on the nature both of the acid and of 
the base, but that the difference of the volume-changes 
which accompany the neutralisation of two different bases 
by one and the same acid is the same whatever acid is used. 
In the same way, the difference in the neutralisation of any 
acids by the same base is independent of the nature 6f the 
base. The following table represents the relations in 
question : — 

Volume-changes accompanying Neutralisation. 





Potash 


Dlff. 
•28 


Soda 


Difl. 


Ammonia 


DiflC. 


Nitric acid 


2005 


' 19-77 


26-21 


1 
-6-44 ! 26-49 ! 




(•53) 




1 (-63) 




(•13) ; 


Hydrochloric acid . 


19-52 


•28 


19-24 


25-81 


-6-57 26-09 




• (-42) 




(-43) 




(-13) 


Hydrobromic „ . 


19-68 


•29 


19-34 


25-91 


-6-57 26-20 


 


(•25) 




(-23) 




(-00) 




Hydriodic „ . 


19-80 
(7^69) 


•26 


19-54 
(7^64) 


25-98 


-6-44 
(7-15) 


26-24 


Formic „ . 


12-36 


-20 


1216 


25-75 


-13-69 25-95 




(10-53) 




(10-49) 




(9-82) 


Acetic ,, . . 


9-52 


-24 


9-28 


25-55 


-16-26 i 25-78 




(9^19) 




(9-14) 




(8-66) 




Monochloracetic acid 


10-86 
(7-10) 


•23 


10-63 
(7.-07) 


26-72 


-1609 
(8-46) 


25-96 

1 


Dichloracetic „ 


12-96 
(2^69) 


-24 


12-70 
(2-70) 


25-68 


-12-98 
(2-23) 


25-92 


Trichloracetic „ 


17-36 
(12-22) 


-29 


17^07 
(12-09) 


25-74 


-8-67 
(11-38) 


26^03 


Propionic „ 


7^83 


-15 


7-68 


25-50 


-17-82 


25-65 



> J,fur;^aht Ch&nne (2), 18, p. 363 [1878J. 
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1 

Fotaah 


IHff 


Soda 


Diff. 


AmmnniA 


Diff, 




(13-07) 




(12-93) 




(12-19) 




Butyric acid 


6-98 


-14 


6-84 


25-47 


-18-63 


25-62 






(13-75) 


i 


(13-60) 


(12-83) 




Iffobatyric „ 




6-30 
(10-43) 


-13 


6-17 26-44 
(10-25) 


-19-27 
(10-06) 


25-57 


Glycolic „ 




9-62 
(11-78) 


•10 


9-52 
(11-64) 


26-02 


-16-50 
(11-30) 


26-12 


Lactic „ 




8-27 
(8-15) 


•14 ; 


8-13 

(8-29) 


25-87 


-17-74 
(7-91) 


26-01 


Solphoric „ 




11-90 
(10-16) 


•42 1 

1 


11-48 
(10-02) 


25-83 


-14-36 
(9-68) 


26-25 


Oxalic „ 




9-89 
(11-82) 


•14 


9-75 
(11-84) 


26-87 


-16-12 
(11-19) 


26-01 


Succinic „ 




8-23 
(11-43) 


•30 , 


7-93 
(11-27) 


25-66 


-17-63 
(11-00) 


25-86 


Malic M 




8-62 
(10^) 


•12 


8-50 
(10-53) 


25-94 


-17-44 
(10-52) 


26-08 


Tartaric „ 


9-41 


•17 


9-24 


26-20 


-16-96 26-37 



The numbers in the column headed * Diff.' represent the 
volume-changes of potash minus soda, soda mimis ammonia, 
and potash minvs ammonia. The numbers in brackets 
placed above the values of the volume-changes represent the 
differences between the acid, in each case, and nitric acid. 
It is evident that the differences in the vertical columns, and 
the differences (in brackets) in the horizontal columns^ 
remain nearly constant. The results also show the limits 
within which the law holds good, and make it clear that 
this law, like so many others, is only approximately correct*. 
Similar laws hold good, as has been pointed out already^ 
for very many other properties, both of solutions and of 
simple substances. All such laws may be expressed thus : 
the changes of properties which occur in chemical processes 
between analogous salts are composed, additively, of two con^ 
stantSy one of which belongs to one component and the other to 
the other component ; and each of these constants is inde* 
pendent of the substance with which the component may react. 
In the especial case under consideration, the volume-change 
is the sum of two changes, one of which is dependent only 
on the acid and the other only on the base. It is possible 
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that a third quantity is to be added to the sum of these two, 
which is independent of the two components and is con- 
ditioned only by the nature of the chemical change, which, 
in the present case, is formation of salts ; the third quantity 
must have a constant value. If the parts contributed by 
the acids to the total volume-change be represented by a, 
a', a" . • . . , and the parts contributed by the bases by 6, 
fc', V'y . . . • , and if c be the constant dependent on the 
nature of the change, then the following schematic table 
gives a systematic arrangement of the volume-changes : — 

a + fe + c a'-ffe-f-c a" '\-h '\- c ... 
a + 6' + c a' -h fe' 4- c a'' + 6' + c . . . 
a+V'-hc a' + 6"+c a''+6''+c . . , 

The differences are here subjected to the same law as was 
found to hold good for the experimentally determined 
volume-changes : each term in a horizontal series deducted 
from the corresponding term in another horizontal series 
gives the same value, and the same value is also obtained 
by deducting any term in a vertical series from the corre- 
sponding term in any other vertical series. 

The connexion between these relations and Valson's 
law of moduli is obvious. The volume-change which occurs 
when a base is neutralised by different acids, consists of a 
constant part belonging to the base, and a changeable part 
which has a definite value for each acid ; i.e. the volume of 
the solution which is produced is the sum of two parts, one 
depending on the base and the other on the acid. What 
holds good for the volumes also holds good, although less 
rigorously, for their reciprocals, the densities. As the 
volumes do not differ much from unity, the approximate 
method of calculation may be used, wherein a and ^ being 

small numbers, ^ is put as equal to 1 — a — )8. 

1 -h a + A> 

The fact that the volume of a salt-solution is equal to 
the sum of two volume-constants which belong to the two 

8 2 
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ions of the salt in solution, has been discussed more fully 
of late years, especially by Nicol,^ but no important new 
developments have been made. Measurements of the 
volume-components, corresponding with Valson's modvU, 
have not been made for any wide range of substances. Nicol's 
observation ^ deserves notice, that there seems to be a con- 
stant difference between the volumes of equivalent solutions 
of the sodium salts of the fatty acids as an homologous 
series of these acids is ascended. The following numbers 
were obtained for the volumes of Na -4 + 100 Kfi at 20° : — 



Formate 
Aoetate . 
Butyrate 



1825-2 
1840-1 
1867-5 



14-9 
13-7 X 2 



It is likely that relations will be found in such cases which 
will resemble those that prevail for the molecular volumes 
of. organic compounds. 

6. Thermal expansions of solutions. — Inquiry into the 
changes which aqueous solutions of salts undergo when 
Tieated has accompanied the development of trustworthy 
methods for finding the specific gravities of these solutions ; 
but the subject has scarcely advanced beyond finding em- 
pirical and practical relations. Data have been accumulated 
by Bischoff, Muncke, and Despretz, for special cases of solu- 
tions of common salt and sea-water. The subject was taken 
up systematically by Gerlach,^ and at the same time by Bie- 
mers ; * to the latter we owe a large series of observations. 
Marignac also made investigations on this subject in 1870. 

It may be said, generally, that the expansion of salt- 
solutions is the more uniform the more concentrated the 
solutions. While the volume- curve of water is much 
curved, that of a salt-solution more and more approaches a 

> Phil Mag. (6) 16, p. 121 [1888] ; 18, p. 179 [1884]. 
« lUd. (6) 16, p. 181 [1888]. 

* Spec, Oewichte der SaUUSsungen, Freiberg, 1859. 

* Pogg. 100 to 120 [1857-62]. 
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straight line. In consequence of this, solutions of salts 
expand to a greater extent at low temperatures than water ; 
and as most salt-solutions show only a slightly greater 
volume-increase (and some show a smaller increase) than 
water up to 100^, the difference between the expansion-co- 
efficients becomes smaller, and generally changes its sign 
before lOO"" is reached. There is, then, a temperature 
whereat the expansion-coefficient of a salt-solution is the 
same as that of water. According to M. P. de Heen,^ this 
temperature is dependent only on the nature of the salt, 
and not on the concentration of the solution, and the 
following are the temperatures for some salts : — LiCl 80% 
NH.Cl 86°, NaCl 56% KCl 50% MgClj 86°, GblCI^ 45°, BaCl^ 
50% AICI3 87°, NaaCOj 67% K^COg 65% NH^NOj 70°, KNO, 
70% Na2S04 60% K2SO4 60% NaCjHgOa 80% The tempera- 
ture increases with increase of atomic weight for similar 
salts, e.g. the alkali chlorides; in some other cases the 
temperature is the same. 

This fact is very closely related to another which was 
discovered by Kremers at a much earlier date. If the 
volume of water in various salt-solutions is taken as 100, 
the values of the volumes of the solutions follow a charac- 
teristic course : they increase with increasing temperature, 
reach a maximum, and then decrease. The following table 
illustrates this behaviour ; the numbers hold good for three 
equivalents in one litre of water : — 



t 


LiCl 


NaCl 


KCl 


iMgCl, 


IZnCl. 


0° 


105-57 




# — 


102-89 


103-27 


19-5 


105-80- 


105-90 


109-10 


103-16 


103-97 


40 


105-79 


106-16 


109-29- 


103-18- 


104-39 


60 


105-64 


106-22- 


109-29 


103-04 


104-72 


80 


105-38 


10614 


109-18 


102-80 


104-97 


100 


10605 


105-97 


108-96 


102-45 


105-15 



The numbers in the last column, ^ZnCl^, show that the 
behaviour is not universally the same. 



^ Physique compariey Braxelles, 1883, p. 76. 
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The numberB in this table may be taken as giving the 
volumes which are occupied by 100 cc. of water, at 
different temperatures, when equal weights of different 
salts are dissolved therein. This volume at first increases 
as temperature rises, then reaches a maximum, and then 
decreases. If the excess over 100 be looked on as the 
volume of the dissolved salt at different temperatures, then 
this volume increases, attains a maximum, and decreases. 
The expansion-coefficient of the dissolved salt is equal 
to zero at the maximum, inasmuch as it changes from 
a positive to a negative value, and the expansion-coefficient 
of the solution, which is made up of the sum of the 
coefficients of water and the salt, agrees with that of water. 
A comparison of the results obtained by de Heen with those 
in the above table ^ shows a close agreement. Kremers 
also found that the temperature of maximum expansion is 
influenced by the concentration only to a very small extent. 
The characteristic course which is followed by the 
(fictitious) volume of the dissolved salt is distorted to some 
extent in the tables of Eremers by an error of calculation. 
Kremers always puts the volume of the water at the speci- 
fied temperature as 100, and he forgets that the numbers 
do not then refer to equal quantities of the solutions but to 
quantities which are related as the specific gravities of 
water. If the numbers in Kremers' tables are calculated 
rightly, the maximum appears as shifted for the most part 
to somewhat higher temperatures. In order to explain this 
anomaly, it is of course not necessary to assume that the 
salt contaiaed in the solution really contracts with in- 
creasing temperature. As a matter of fact it expands. 
But, at the same time, the contraction which occurs during 
solution becomes greater as temperature rises, and the 
maximum is situated at the poiat where this begins 
to overcome the expansion which the salt itself undergoes 
by the heat ; for it is not the volume of the dissolved salt 
that is observed, but this miniis the contraction that occurs. 

> Pogg. 106, p. 382 [1858]. 
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These relations have not yet been expressed in simple 
laws ; Eremers' investigations ^ contain a rich collection of 
material for calculation. 

A very extensive and accurate investigation of the 
specific gravities and thermal expansions of solutions of 
•calcium chloride and sodium carbonate was published by 
O. J. W. Bremer.^ As the observed regularities are con- 
fined to the special substances which were examined, it is 
^enough for our purpose to give a reference to the original 
memoir. 

7. Compressibilities of salt-solutions. — The older observa- 
tions of Oolladon and Sturm, and others, on the compressi- 
bilities of salt-solutions were not made from the stoichiome- 
trical standpoint, and they have no special application in 
that direction. Bontgen and Schneider ^ were the first to 
inquire into the subject in order to find stoichiometrical 
Telations; they determined the compressibilities of a 
number of comparable solutions, and obtained the following 
values for compressibility-coefficients. The numbers re- 
present the apparent compressibilities, i.e. the compressi- 
biUties without taking into consideration the change of 
volume of the instrument ; the apparent compressibility of 
virater is taken as 1,000. The first table refers to solutions 
containing 1^ gram-molecules of each salt per litre ; the 
second refers to *7 normal solutions. 







] 


L*5 Normal Solutions. 








H 


NH* 


Li 


K 


Na 


I . . . 

NO, . 

Br . . . 

01 

OH . . . 

SO4 . . 

CO, . . . 






958 
960 
949 
1000 
920 


. 910 
908 
910 
901 
972 
741 


888 
870 
869 
858 
793 
655 


869 
863 
862 
848 
111 

638 


863 
853 
851 
837 
770 

631 



» Pogg. 100, p. 394 ; 105, p. 360 ; 108, p. 115 ; 111, p. 60 ; 114, p. 41 ; 
120, p. 493. 

2 Bee. Trav» Nierland, 7, p. 269 ; and Zeitschr, /. physikal. Chemie, 
3, p. 423 [1888]. " Wied. Ann, 29, p. 105 [1886]. 



264 



SOLUTIONS 
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0*7 NoBBC/kL Solutions. 








H 


NH^ 


Li 


K 


Na 


I 

NO, ... . 
Br .... 
CI .... 
OH . . . 
SO4 . . . . 

CO, ... . 


981 
981 
974 
1000 
970 


954 
954 
958 
945 
992 
853 


940 
934 
984 
928 
895 
818 


932 
930 
930 
919 
884 
804 
798 
■1 


924 
922 
923 
917 

881 
803 
797 



Eontgen and Schneider draw the following conclusions 
from this table. 

'The substitution of one constituent of the compound in 
solution by another, e.g. I by NO3, Br, CI, OH, SO4, or CO3, 
alters the compressibility of the solution to an extent which is 
only slightly dependent on the nature of the other constituent of 
the compound (H, NH4, Li, E, Na). It appears, then, as if each 
constituent of a chemical compound ^ exerted a specific effect on 
the compressibility of the solution of that compound, which 
effect is only slightly modified by replacing the other constituents 
by different substances ; or, in other words, it seems as if the 
components of the dissolved body, and not the compound in 
which these components are contained, had the greatest influence 
on the compressibility of the solution.' 

Water and ammonia are exceptions. The authors work 
out the possible causes of this : it is sufficient for ns to 
notice that the constitution of each of the exceptional solu- 
tions is shown to be different from that of the other solutions 
examined by the fact that the two solutions in question are 
the only ones which are very bad conductors of electricity. 

A research of Schumann^ into the compressibilities 
of aqueous solutions of chlorides does not add to the results 
of Bontgen ajid Schneider. Schumann found that fairly 
constant products were obtained by multiplying the differ- 
ences between the compressibilities of salt-solutions of 
specified contents (e.g. 10 per cent.) and that of pure water 
by the equivalents of the salts ; the products sometimes^ 
however, differed by as much as 20 per cent. This seemed 
to show that the effects of the metallic constituents of the 

* This statement does not hold good for ohemical oompoonds in general, 
but only for salts. « WUd. Ann, 81, p. 14 [1887]. 
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chlorides examined by Schumann had nearly equal values in 
equivalent solutions ; the method of representation adopted 
by Eontgen and Schneider is, however, much more in accord- 
ance with the facts. 

8. Ereeziiig-points of salt-solutions. — Observations show 
that the freezing-points of salt-solutions do not follow the 
simple laws which express the facts regarding the freezing- 
points of solutions of indifferent substances. The depres- 
sions of the freezing-points of salt-solutions are greater than 
the depressions which correspond with the molecular weights 
of the salts. 

To brmg these deviations within the scope, of the ex- 
pression ^ v = B T, which holds for solutions of indifferent 
substances, van 't Hoff added a coefficient t, and wrote the 
equation for salt-solutions as j? r = i b t. The values of i 
were found to be always greater than unity. The values 
were approximately equal for similar salts ; this follows 
immediately from the fact, enunciated by de Coppet, that 
the molecular depressions of freezing-point are equal for 
solutions of similar salts. The quantity t, which was at 
first regarded by van 't Hoff as a constant, was found to 
depend on concentration, in the way that i regularly de- 
creased as concentration increased. This changeability is 
very small for salts of the type of potassium chloride, it is 
more marked for salts of the type of baxium chloride, and 
it reaches a maximum for salts which consist of polyvalent 
positive and negative ions. 

If attention is confined to solutions of medium concen- 
tration, the depressions of the freezing-points of salt- 
solutions may be regarded, as was shown by Baoult, as an 
additive property. Eaoult ^ gives the following rules. The 
molecular depression, calculated for one gram-molecular 
weight of salt in 100 grams of water, is the sum of the fol- 
lowing constants :— 

Monovalent negative radicles (01, OH, NO,, &c) . . .19 

Divalent „ „ (SO4, Cr04, Ac.) . . . . 9 

Monovalent positive „ (E, H, NH4, &o.) . .16 

Di- or poly-valent ,, (Ba, Mg, Al, &c.) . . .8 

> Ann, Chim. Phys, (6) 8, p. 321 [1886]. 
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The molecular depression for BaCl^, e.g., is 8 + (2 x 19) 
= 46; for AlCl, it is 8 + (8 x 19) = 65. 

Although Baoult's method of calculation can lead only 
to approximate values for the molecular depressions of salt- 
solutions of mean concentration, because of the change- 
ability of the quantity i, nevertheless the applicability of 
this method shows that this property of salts is the sum of 
the properties of their ions and is conditioned by the nature 
of the compound only in a secondary way. 

The dependence of i on the concentration is apparent 
from the foUowingnumbers, which are given by Arrhenius ' :- 



c 


t 


i 


c 


t 


i 

1 




Sodium Chtx>bide. 


Lithium Chlobide. 




0-117 


0-424° 


1-93 


0-099 


0-363O 


1-94 




0-194 


0-687 


1-87 


0-166 


0-606 


1-94 




0*324 


1-136 


1-86 


0-276 


1-019 


1-95 




0-639 


1-894 


1-86 


0-458 


1-729 


2-00 




SiLVEB Nitrate. 


PoTARsiUM Sulphate. 




0-056 0-214 


1-86 


0-036 


0-184 


2*68 




0-140 0-601 


1-81 


0091 


0-405 


2-35 




0-341 1-143 


1-73 


0-227 


0-950 


2-21 




1 

1 




0-455 


1-766 


2-04 




Sodium Sulphate. 


Stboxtium Chlobi 


[DE. 




0-0280 0-141 


2-66 


0-043 


0-231 


2-84 




0-0701 


0-826 


2-46 


0-107 


0-523 


2-69 




0-117 


0-616 


2-33 


0-214 


1-063 


2-60 




0-196 


0-817 ! 2-21 


0-356 


1-791 


2-66 




Cadmium Iodide. 


Cadmium Sulphai 


ns. 




0-0644 


0-161 


. 1-67 


0-042 


0*108 


1-37 




0-136 


0-320 


1-24 


0-104 
0-196 


0-237 
0-420 


1-21 
1-14 




0-342 


0-716 


1-11 


0-489 


0-938 


1-02 




0-684 


1-623 


1-16 


0-816 j 1-636 
1-86 1 2-68 


0-99 
1-04 




SULPHUBOUB AOID. 


Oxalic Acid. 






0-091 i 0-269 1-61 


0-069 


0-211 


1-62 




0-169 
0-279 


0-410 ' 1-36 
0-690 ' 1-31 


, 0-131 


0-376 


1-51 




0-466 


1-16 1 1-32 


0-247 


0-650 


1-40 




0-820 


! 201 1 1-30 
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The setting-forth of the laws which express the dependence 
of the changes m the values of i on the concentration does 
not concern us here. 

9. Yaponr-pressiires of solutions of salts. — The earliest 
inowledge of the regularities which hold with regard to the 
vapour-pressures of solutions was gained by the study of 
«iqueous solutions of salts, and these solutions still form the 
best known part of the subject. It is, therefore, sufficient to 
refer to the exposition in Chapter VII. ; the relations which 
•exist may be traced from the tables on pp. 191-198. 

The comparison of the results is made difficult by the 
•circumstance that the proportion between the depression of 
vapour-pressure and the contents of the solution is by no 
means constant, but sometimes increases and sometimes 
decreases as concentration increases. By comparing the 
measurements of solutions having the smallest contents, 
n = '5, the following results are obtained. 

Salts of the type m' r', where m' is a monovalent metal 
and r' is a monovalent negative ion, in half-normal solu- 
tions, show a depression of vapour-pressure of 10-5 to 12'5 
mm. This gives a value for n equal to from '77 to -91, in 

place of '5, by using the formula ^ "" ^ =s _ , and putting 
y — jj' = 10'5 to 12*5, and p = 760, the number of mole- 
cules of water in a litre being n = - = 55*6. The 

lo 

Talue of t in van 't HofiTs formula, pv = inT, amounts, in 
these cases, to from 1*54 to 1*82. If the substances were 
•completely dissociated, i must be equal to 2, and the de- 
pression of vapour-pressure must amount to 18*7 mm. 
The values for the hydrochlorides of the amines, especially 
for tri-ethylamine hydrochloride, are remarkably small. It 
is probable that this is to be attributed to the vaporisation 
of a small quantity of the amine, whereby the vapour- 
pressure is raised, and, therefore, the depression is made to 
appear too small. The hydroxides of Uthium and potas- 
sium form exceptions in the opposite direction ; the values 
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of i in these cases are greater than 2. This is the more re- 
markable as sodium hydroxide shows a normal behavioar. 

The compomids of the type m'j r" behave somewhat 
irregularly. As one molecule can separate into three ions, 
the maximum depression of vapour-pressure for ^ normal 
solutions is 20*5 mm. The numbers actually observed vary 
for the most part from 18 to 15, which correspond with 
values for i from 2 to 2*2. 

Compounds of the type m^' r'j show much greater regu- 
larities. The depressions vary between 15 and 17 mm. ; 
the corresponding values of i are 2*2 to 2*5. Individual 
exceptions are noticeable ; e.g. the depressions of the vapour- 
pressures of solutions of the halogen compounds of mercury 
and cadmium are very small. It will be shown later ^ that 
the other properties of these solutions indicate a very small 
amount of dissociation of the dissolved salts. 

The salts of the type m'' r" depress the vapour-pressure 
of water to a remarkably small extent. We find here 
several values less than 6*8 mm., which is the number that 
corresponds with the condition of no dissociation. 

A much better insight into these relations would have 
been obtained had a number of more dilute solutions been 
examined first of all. For the osmotic pressure at 100° in 
a half normal solution, to which the comparisons must be 
confined, amounts to at least 15 atmospheres, and rises to 
80 or 40 atmospheres when the substance in solution is 
dissociated. It is not to be wondered at that considerable 
deviations from the simple law became apparent under the 
ckcumstances. 

10. Colours of salt-solutions. — The colour of solutions is 
a property which is generally altogether constitutive, but for 
solutions of salts this property is additive. This result might 
be expected from the considerations which led to the sup- 
position that the ions of a salt in solution exist independ- 
ently one of the other ; the fulfilment of this expectation is, 
in turn, a very strong proof of the accuracy of the supposition. 

^ In another part of the LehrbuclL—Translatcr. 
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The colours of salt-solutions are essentially the colours 
of the parts of molecules, or ions, contained therein, and all 
salt-solutions which contain a certain ion must exhibit the 
characteristic colour of that ion. Should the expected 
colour not appear, we may conclude that the corresponding 
ion is absent. 

The red colour of dilute solutions of cobalt salts, for in- 
stance, indicates the presence of cobalt-ions. The sulphate, 
nitrate, chloride, &c., have the same colour in solution ; the 
colour is independent of the nature of the negative ions. 
If one of these solutions is boiled with an excess of potas- 
sium cyanide, it is decolorised, and the colourless solution no 
longer shows the reactions of cobalt. The compound potas- 
sium cobalticyanide, K3Co(CN)g has been formed ; the ions 
of this compound are 3K and Co(CN)5 ; free cobalt-ions are 
no longer present. The green colour of a solution of a nickel 
salt is changed, under the same conditions, to yellow, which 
shows that the nickel-ions have entered into combination. 

If the foregoing statement is correct, the intensity of 
the coloration of those salts whose ions are coloured must 
be proportional to the quantity of these ions, supposing 
that the part of the salt which is not separated into ions 
is itself colourless. An experimental examination of this 
question would not present special difficulties, but it has 
not been carried out as yet. 

Special relations are observed when the non-dissociated 
salt is itself coloured. For instance, anhydrous cupric 
chloride, or a solution of this salt in indifferent solvents 
(wherein it is not separated into ions), is coloured intensely 
yellowish brown. Therefore, a solution of this salt, which 
contains many free iona of Cu and CI, but also a certain 
amount of undissociated molecules of CuClj, will show the 
colour which results from mixing the blue of the copper- 
ion's with the yellow of copper chloride. Agreeably with 
this conclusion, it is found that very dilute solutions 
of copper chloride — which contain but little undissociated 
salt — are blue, like solutions of other copper salts ; but the 



270 SOLUTIONS 

more concentrated the solutions become, and therefore the 
greater become^ the number of the non-dissociated molecules, 
the more does the colour incline towards green. Addition 
of hydrochloric acid, or raising the temperature, acts in the 
same way as increasing the concentration ; in both cases, 
the number of copper-ions decreases, and the number of 
the undecomposed molecules of copper chloride increases. 

The colour-changes shown by the indicators which are 
employed in the volumetric estimations of acids and alkalis 
belong to the class of phenomena now under consideration. 
Two conditions must be fulfilled in order that a colouring 
matter shall exhibit such a change : it must have an acidic 
or basic character, and it must not be a strong acid or base. 
The difference of colour shown in acid and alkaline solutions 
indicates that the colour of one of the ions of the substance 
is different from that of the non-dissociated substance. 

Fara-nitrophenol is an example of an indicator of acidic 
character. This compound is colourless when solid, or 
when dissolved in alcohol, in which solution no dissociation 
takes place. An aqueous solution, which contains a small 
number of negative ions CgH^.NOa.O, is somewhat coloured; 
but when addition of an alkali, e.g. soda, causes formation 
of the salt OgH^.NOs.ONa, which salt separates almost 
wholly into its ions, the intensely yellow colour of the ion 
CgH^.NOj.O comes suddenly into view, and enables the 
change from the acidic to the neutral or alkaline reaction 
of the solution to be distinguished very sharply. 

The behaviour of the basic indicators, e.g. cyanin, is 
quite similar to that of the acidic indicators. A solution 
of the free base, which is but slightly dissociated therein, 
has the blue colour of the undecomposed compound ; when 
addition of an acid changes the base into a salt, the free ion 
of the salt is colourless. 

These examples show that sometimes it is the free ion, 
and sometimes it is the undecomposed compound, which is 
coloured. This depends upon the fact that the absorption 
in either case takes place in the region of the invisible rays. 
The absorption often remains in the visible spectrum, and 
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only changes its position ; this occurs with all indicators 
which do not change from a colourless to a coloured state^ 
but only show a change of colour, e.g. litmus. 

The second condition which must be fulfilled by an 
indicator, viz. that the substance must not be a very strong 
acid or base, depends on the fact that strong acids and 
bases are dissociated almost completely in solution. Per- 
manganates, for instance, do not change colour whether 
their solutions are acidified or made alkaline. Perman- 
ganic acid is such a strong acid that a solution of it consists, 
practically, of the ions H and Mn04. If this is changed 
into a salt, e.g. KMn04, a dilute aqueous solution of thia 
salt consists, essentially, of the ions K and Mn O4, and so 
there is no reason why a colour-change should take place. 

Chromic acid, and the chromates or dichromates, furnish 
a somewhat more compUcated case. Solutions of the 
chromates are clear yellow; solutions of the dichromatea 
are red-yellow. Free chromic acid has the same colour, 
and shows exactly the same absorption-relations,^ as the 
dichromates. The chromates must, therefore, contain an 
ion different from that of the dichromates, and of free 
chromic acid. The first part of this statement is self- 
evident ; the ions of potassium chromate, for instance, are 
2K and Cr04, those of potassium dichromate 2K and Cr^O^. 
That a solution of chromium trioxide does not contain the 
ions 2H and Cr04 — if it did, the colour of the solution 
would be yellow — but the ion CrgO^, as may be concluded 
from the colour, and that this solution is a solution of 
dichromic acid, HjCrjO,, was shown by me^ from the 
behaviour of the solution in question towards the electric 
current and on freezing. 

Finally it may be mentioned that all these considera- 
tions must hold good for the wave-lengths which he outside 
of the visible spectrum, as well as for the visible rays. A 
confirmation of this is found in Soret's observation,^ that 

» Settegast, Wied. Ann. 7, p. 242 [1879]. 

' Zeitschr. f. physikal. Chemie, 2, p. 78 [1888]. 

• Compt. rend, 86, p. 710 [1878] . 
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nitric acid and the metallic nitrates show the same absorp- 
tion-bands in the ultra-violet between the 16th and 18th 
cadminm-line, while the ethereal salts of nitric acid do not 
show these bands. This indicates that the bands in ques- 
tion belong to the ion NO3 ; the nitric esters contain the 
same atomic group as the free acid and the metallic nitrates, 
but that they do not contain this group as a free ion is 
shown by the circumstance that none of these esters is a 
conductor of electricity. They cannot, therefore, show the 
absorption which is characteristic of the ion NO,. 

11. Befhictioii-coefBlcieiits of salt-solutioiLs. — Gladstone 
found that the difference between the refraction-equivalents 
of the salts of two different metals with the same acid, in 
aqueous solution, remains the same, whatever is the acid 
in combination with the metals. By refraction-equivalent 

w — 1 



is to be understood the quantity 



d 



m, where n is the 



refraction-coefficient, d the specific gravity, and m the 
molecular weight, of the compound. The refraction-equi- 
valent of the dissolved salt is obtained by deducting from 
the refraction-equivalent of a solution of the form s + p H^O 
— where s signifies one molecule of the salt — the value which 
corresponds with p Hfi. A number of refraction-equivalents 
thus determined are given in the following table : — 



• 


Potassinm 


Sodium 


Hydrogen 


Dill. K-Ka 


DifLK-H 

1 


Chloride . 


18-44 


15-11 


14-44 


3-3 


4-0 


Bromide . 


25-34 


21-70 


20-63 


3-6 


4-7 


Iodide 


35-33 


31-59 


31-17 


' 3-7 


4-2 


Cyanide . 


17-12 


— 


— 


— 


— 


Sulphocyanide 


33 40 




— 






Nitrate . 


21-80 


18-66 


17-24 


31 


4-5 


Metaphosphate 




19-48 


18-68 


— 


— 


Hydrate . 


12-82 


9-21 


5-95 


3-6 


6-8 


Alooholate 


27-68 


24-28 


20-89 


3-4 


6-8 


Formate . 


19-93 


16-03 


13-40 


3-9 


6-5 


Aoetate . 


27-65 


24-05 


21-20 


3-6 


6-5 


Tartrate . 


57-60 


50-39 


45-18 


3-6 


6-2 


Carbonate 


34-93 


28-55 




2x3-2 


— 


Sulphate . 


30-55 


— 


22-45 


— 


2x4-1 


Dichromate 


79-9 


72-9 




2x3-5 




Hypophosphite 


25-94 


20-93 


— 


2x30 
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The table shows that all the sodium salts, e.g., have a mole- 
<5ular refraction less by 8*4, in round numbers, than the 
corresponding salts of potassium. The difference between 
the molecular refractions of the salts which have different 
negative constituents is also mdependent of the metalUc 
-constituent ; the iodides, e.g., show values which are very 
nearly 10 units greater than those of the corresponding 
bromides. 

The occurrence of constant differences between the values 
of specified properties of a series of similar substances, 
which show equal differences of composition, is a proof that 
these properties must be looked on as additive, i.e. as the 
sums of two values which are independent of one another, 
•and each of which belongs to one of the two constituents. 
The molecular refractions of salts belong to this category. 

The foregoing table also shows that the rule ceases to be 
universally applicable when the acids are brought into the 
comparison. The strong mineral acids, which show a differ- 
ence compared with their potassium salts of about 4*4, vary 
much from the weak organic acids, for which the difference 
is much larger, the mean being about 6*6. These variations 
are very closely related to the deviations from the simple 
law& of solutions which are exhibited by the substances in 
question. The deviations of the salts and strong acids are 
comparable, as both show large deviations and both give 
values for i which approach the number 2. In opposition 
to this, the weak acids show normal values for t. The 
first substances are largely dissociated, the latter are only 
slightly dissociated ; in the first cases the refraction-values 
of dissociated ions are compared, and in the latter cases the 
values of the dissociated potassium-ions are compared with 
those of the undissociated hydrogen. It follows from the 
variations between the two differences that the refraction- 
-equivalent of hydrogen (calculated by the n-formula) is 
increased by about 2*2 units by the change from the state 
of combination to that of dissociation. 

These relations become very apparent in the measure- 

T 



274 



SOLUTIONS 



ments made by M. Le Blanc ^ of the chlorinated acetic acids 
and their sodium salts. The following numbers were 
obtained : — 



• 


Acid 


Sodium Salt 


Diff. 


Acetic acid .... 
Monochloracetic acid 
Dichloraoetic „ 
Trichloracetic „ 
Hydrochloric „ 


21-4 
29-7 
38-7 
47-7 
14-5 


24-6 
32-8 
41-4 
49-6 
16-8 


31 
31 
2-7 
1-9 
1-3 



While acetic acid and monochloracetic acid, which are only 
slightly dissociated in aqueous solutions, show equal differ- 
ences as against their sodium salts, the differences become 
gradually less for the other acids, the dissociation of which 
gradually increases, until they reach a minimum for hydro- 
chloric acid as compared with sodium chloride. The 
difference 1*3 is smaller than that found by Gladstone^ 
which was 2*2 ; but it is to be noted ^hat the measurements 
of Le Blanc were made for the sodium line, while Gladstone's 
determinations were calculated for the line a of the solar 
spectrum. 

12. Magnetic rotations of salts. — The extent to which 
organic compounds rotate the plane of polarisation of a ray 
of light under the magnetic influence is closely related to 
the refraction-powers of these compounds ; and a similar 
connexion between these phenomena is shown by salts and 
their solutions, but in a more marked way. 

In the first place, the specific magnetic rotation of a 
solid salt is different from that of a solution of the same 
salt. Becquerel found the specific rotation of solid sodium 
chloride to be 1*21, and that of a solution of this salt to be 
1'57, which is almost 30 per cent, greater than the value 
for the solid salt, the value, for carbon disulphide being 
taken as unity. The conclusion follows that the ions, Na 
and Gl, possess a greater magnetic rotation than the com- 
pound NaCl. 



' Zeitschr. /. physikal, CJiiemie, 4, p. 553 [1889]. 
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The rotation of a mixture of different substances is 
made up of the values belonging to the several constituents, 
proportionally to the quantity of each. Perkin found that 
this statement held good also for aqueous solutions of 
indifferent substances. Perkin ^ examined formic acid^ 
acetic acid, propionic acid, and alcohol. The molecular 
rotation in each case was so nearly equal to the sum of the 
rotations of the organic substance and water, that the 
supposition of the formation of a compound of these twa 
was untenable. The comparison of the rotation of propi- 
onic acid -I- water, CJ3,fi^ -f- HgO = CgHgOj, with that of 
glycerin, CjHgOa, is instructive ; the empirical composition 
is the same ; the rotation in the first case is 4*512, and in - 
the second case 4*11 1. 

In a second communication, Perkin ^ examined the 
question whether chloral hydrate contains water as such, or 
is trichlorethyKdene glycol, CCl3CH(0H)2- The numbers 
were : — 

Mol. rotation 

Chloral. . 6-690 

Chloral hydrate . ... . . . . 7-037 

As the difference is only -447, in place of 1, which is 
the value for the rotation of HgO, the conclusion was drawn 
that chloral hydrate is trichlorethyUdene glycol. The 
results obtained with acetic aldehyde were more complicated ; 
the measurements indicated that a partial combination of 
water occurred, but this combination required a consider- 
able time before it was accomplished. 

The results with sulphuric acid were different. The 
molecular rotation of this compound was found to be 2-315 ; 
as the rotation of methyl sulphate was 4*018, each methyl 
group increased the rotation by '849. Other acids gave 
values very similar to that of sulphuric acid, so that 
the behaviour of this acid was normal. After adding 
water to sulphuric acid the following results were ob- 
tained : — 

» Joum. Chem. Soc. Trans. 1886, p. 777. * Ibid, 1887, p. 808. 

T 2 
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* 


Mol. rotation 


Difference 


HjSO, 

HjSO. + HjO 

HiS04+2HjO .... 
H,S04 + 3H,0 .... 


2-315 
3-188 
4-113 
5-064 


•873 
•925 
•951 



The behaviour m this case differed from that observed with 
other compounds ; the addition of the first molecule of 
water increased the rotation by -878, while the increase for 
the second and for the third molecule approached the normal 
value. These results suggested the formation of a compound 
of the acid with water ; Ferkin supposed that this occurred, 
although this supposition was opposed to certain facts. 

Nitric acid behaved somewhat differently.^ The rotation 
of the pure acid was 1*18, and that of the aqueous solution 
HNO3 -f 2-67 HjO was 8-656 ; the difference gives 2-476 for 
the rotation of the water, instead of 2*67. A decrease, 
therefore, occurred, but it was less than that noticed in the 
case of sulphuric acid. The differences between the rotations 
of nitric acid and its ethereal salts were found to be quite 
the same as those between organic acids and their esters. 

Assuming that the results for sulphuric and nitric acid 
indicate the formation of hydrates of these acids, a similar 
conclusion cannot be drawn from the results for the halo- 
gen acids. The observed results led to the following mag- 
netic rotations : HCl = 2-187, HBr = 4-016, HI = 8-211. 
Aqueous solutions of these acids gave as follows : — 



Ha 


HBr 


HI 

1 


Per cent. 


Mol. rotation 


Per cent. 


Mol. rotation 


Percent. 


1 
Hoi. rotation 


41^7 


4045 


65-6 


7-669 


670 


17-769 


36-5 


4-215 


56-6 


8-061 


65-1 


17-868 


80-9 


4-303 


39-7 


8-415 


620 


18117 


25-6 


4-405 


24-6 


8-547 


56-8 


18-308 


15-6 


4-419 


15-5 


8*519 


42-7 

31-8 

1 20-8 


18-403 
18-451 
18-428 



* Joum. Chem, 80c. Trans, 1889, p. 680. 
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The numbers under per cenU give the percentages of haloid 
acid in the solutions ; those under moL rotation give the 
calculated rotations of the haloid acids. 

Instead of decreasing, as was the case with the oxyacids 
examined, the molecular rotations of these acids showed 
very considerable increases on addition of water; the 
increase amounted to about 10 units in the case of HI. 
Moreover the numbers did not remain constant, but 
increased regularly as the quantity of water increased. 
The fact that the values observed for a solution of hydro- 
chloric acid in isoamylic ether were 2-211 and 2-265, in 
place of the calculated number 2*187, showed that the 
numbers in the above table were not to be ascribed to an 
erroneous method of calculation. 

These facts show that water exerts a special effect on 
the acids in question, and that this effect cannot be looked 
on as consisting in a combination of the water with the 
acids. It is only the strong mineral acids which experience 
this effect ; the weak organic acids show no trace of it. 

The results described in the preceding paragraphs lead 
us to seek for the cause of the phenomena in the dissociation 
of the strong mineral acids into their ions, in aqueous 
solutions. The measurements made by Ferkin of the 
rotation of hydrochloric acid in isoamylic ether and in 
water, respectively, confirm this conclusion. The agree- 
ment between the values observed for the solution in 
isoamylic oxide, and the value calculated for HCl, points 
to the non-dissociation of hydrochloric acid in this solvent ; 
this is confirmed by the fact that this solution does not 
conduct electricity. 

The molecular rotations of solutions of ammonium salts 
were found to vary very little with dilution. The observed 
numbers, taken as a whole, were distinctly greater than 
those calculated from the sums of the rotations of the con- 
stituents, and the differences were nearly the same as those 
in the cases of aqueous solutions of the free acids. For 
instance : — 
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• 


Observed 


Calculated 


Diff. 


DIff. for 
the acidfi 


NH4C1 . . . . 

NH^Br . 

NHJ .... 


6-10 
10-18 
20^00 


4-30 

6-13 

10-33 


1-80 
4-05 
9-67 


2-22 

4-52 

10-22 



Similar results were obtained for the salts of the substituted 
arQmonias. 

From these results Perkin concluded that the acids and 
bases in the solutions in question existed uncombined with 
one another* This conclusion is evidently inadmissible. 
For the solutions have neither the smell nor any other 
property of the free bases or acids, and the heat which is 
produced when these are brought together shows that some 
reaction, at any rate, has occurred between the acids and the 
bases. It is much better to interpret the observed behaviour 
as indicating that the solutions of ammonium salts contain 
ammonium and halogen in a state of dissociation, and 
those of the halogen acids contain hydrogen and halogen, 
and that in both cases the molecular rotations of the disso- 
ciated halogens come into play. 

This supposition receives marked support from a series 
of observations made by Perkin, but interpreted wrongly 
by him. The rotation of sulphuric acid is decreased by 
solution in water, i.e. by separation into its ions; the decrease 
amounts to *8 in concentrated solutions of the composition 
H2SO4 + 3 HgO, and probably to about 1*0 in dilute solu- 
tions. The calculated rotation of ammonium sulphate is 
5*96; this is obtained by adding the rotation of pure 
sulphuric acid, 2-32, to twice the rotation of ammonia, 
1*82 X 2 ; the observed rotation of ammonium sulphate is 
4*98, which is "98 less than the calculated value. This differ- 
ence agrees with the difference between the rotations of 
non-dissociated ^ and dissociated sulphuric acid, and the 



* Undiluted solphuric acid is not dissociated, and it is not a conductor 
of electricity ; the same holds for all other acids. 
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agreement is the more remarkable as the deviation is in 
the opposite direction in this case. 

The results with nitric acid and ammonium nitrate are 
similar. Nitric acid, when as nearly as possible free from 
water, has the rotation 1*18 ; with 2-7 H2O the rotation of 
the acid is '99; in this case, also, the rotation of the ions 
is less than that of the undecomposed acid. In the same 
way the rotation of ammonium nitrate, 2*82, is less than 
the calculated, viz. 3-0. It may then be concluded that 
somewhat dilute solutions of nitric acid would give an 
extremely small molecular rotation for the acid, probably 
about equal to -5. 

Unfortunately Perkin has not yet examined the ammo- 
nium salts of weak acids. There can be no doubt that such 
salts as ammonium formate &c., when in aqueous solution, 
would show molecular rotations which would not be the 
sums of the rotations of the components of the salts. But 
the rotations must be the sums of those of the components 
if Perkin's view is correct. It would be easy, then, to make 
a crucial experiment which .should decide between the two 
theories. Inasmuch as Perkin is almost the only chemist who 
is in a position to measure the values of magnetic rotations, 
it is much to be wished that he would carry out this simple 
investigation. 

No extensive investigation has been made into the 
values of the magnetic rotations of other salt-solutions. 
From what has been done, the supposition may fairly be 
made that the property in question will be found to be an 
additive one, in the sense already explained. The determi- 
nation of the constants for the different ions has an especial 
interest, inasmuch as relations will probably be found 
between these and the periodic arrangement of the 
elements. 

18. Optical rotatory powers of salt-solntioiiB. — The capa- 
bility which certain liquid substances possess of rotating 
the plane of polarisation of light, depends upon an altogether 
special condition or constitution of these substances, and it 
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must therefore be looked upon as a constitutive property^ 
The investigation of organic compounds which possess this, 
property has not brought to light any trace of an additive^ 
character in the property in question. The power of ro- 
tating the plane of polarisation depends upon the presence 
in the molecule of the compound of a so-called asymmetric 
carbon atom, and the intensity of the rotation is connected, 
in a very compKcated way, with the radicles which are in 
combination with this asymmetric carbon atom. The 
following values, for instance, have been obtained for tha 
molecular rotatory powers of certain compounds : — 

Methyl ester of diaoetyltartaric acid . . . - 14*3*' 

Ethyl „ „ ... +1-0 

Propyl „ „ ... +6*5 

Isobutyl „ „ ... +10-3 

The molecular rotations of aqueous salt-solutions stand 
in striking opposition to the foregoing statement. The 
compounds of strong bases with weak acids, and those of 
strong acids with weak bases, follow the simple law that 
the molecular rotatory powers of these salts in somewhat dilute 
solutions are independent of the nature of the inactive parts of 
the salts. 

This statement was established by A. C. Oudemans,^ 
who found especially that solutions of equal concentrations 
of salts of the mono-acid alkaloids have equal rotatory 
powers independently of the acids in combination with the 
alkaloids, and independently of whether the acids are 
present in excess or not. The salts of di-acid alkaloids 
showed certain variations, according to the strengths of the 
acids present ; but these variations disappeared when the 
acids were present in excess. 

Similar results held good for the strong acids. The 
rotations observed for the potassium, sodium, and ammo- 
nium salts of podocarpic acid were -f 134**, ISS**, and 

^ Beiblatter, 9, p. 366 ; from VersL B. Aha . Wet Amsterdam (3), 8, 
p. 408 [1885]. 
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130**, respectively ; the following values were found for the 
salts of quinic acid : — 



K Na 


NH^ 


Ba 


8r Ga 


Mg 
47-9* 


48-6« ! 48-9* 


47-9<' 


46-8° 


48-7^ 48-4° 



The statement was confirmed by measurements made by 
Hoppe-Seyler for the salts of cholic acid — K= 28°, Na. 
= 29*^ — and by Landolt for the tartrates and camphor- 
ates. The camphorates gave K = 20°, Na = 21°, NH^ = 
20^ the acid tartrates gave Li =28-5% NH, = 28-5°,. 
Na = 27•5^ K = 28*3°; the numbers observed for the 
neutral tartrates were Li^ = 38-6°, (NHJ, = 42-9°, Naj = 
39-9^ Kj = 43°, Mg = 41•2^ NH^-Na = 41-2", NH,.K = 
42-6°, Na.K = 41•6^ &c. 

Schneider * gave the following numbers for the maximum 
dilutions of solutions of salts of malic acid : — 





K 


Na 

• 


Li 


NH^ 


Acid salts 

Neutral salts .... 


10-7*' 
15-4 


IP 

17-6 


ll-9« 
18-6 


10-3° 
16 



More recent measurements made by W. Hartmann * for 
camphorates agreed even better than these. I give the 
numbers for maximum dilutions : — 





Li. 


Mg 


(NHJ, 


Ca 
891° 


Na, 


K, 


Ba 


Neutral salts . • 


37-5« 


39-6<> 


38-4<' 


36° 


36-1° 


36-6° 



When it is remembered what large differences are made in 
the optical rotatory powers of active substances by the 
smallest change in their molecular constitution — e.g. the 
substitution of hydrogen in tartaric acid by an alkyl radicle^ 
or acetyl, raises the rotatory power enormously — the con- 
clusion cannot be avoided, that the two constituents of a 



Annaleuy 207, p. 286 [1881]. 



< Berichte, 21, p. 221 [1888]. 



282 



SOLUTIONS 



«alt exert a much smaller efiTect on one another, or that the 
reaction between them is much less, than in such organic 
-compounds as esters, &c., which are otherwise similar to 
the salts. 

The molecular rotations of the free acids differ very 
much from those of the salts. This is explained b; the 
fact that the properties of solutions of most of the optically 
active acids show that these acids undergo dissociation 
only to a small extent. While the rotatory power of a 
solution of a neutral tartrate depends on the free ion 
<32Hj(OH)2(COa)2, the rotatory power of a solution of free 
tartaric acid depends chiefly on the undecomposed acid 
C2H2(OH)2(C02H)3, and the rotation of this molecule is 
very different from that of the ion. But the number of 
free ions in the solution of the free acid increases as dilution 
increases ; therefore, the molecular rotation of tartaric acid 
in aqueous solutions must approach that of the tartrates 
AS the solution becomes more dilute* Arndtsen ^ measured 
the rotatory powers of solutions of tartaric acid ; I hav6 
calculated the results to molecular rotations : — 



Quantity of tar- 
taric acid in 
100 parts of the 
solution 


[m] 

D 


Quantity of tar- 
taric acid in 
100 parts of the 
solution. 


[m] 

D 


90 
80 
70 
60 
60 


4-88° 

6-84 

8-79 

10-74 

12-70 


40 
80 
20 
10 


14-66 
16-60 
18-56 
20-52 



The molecular rotatory power of the tartrates is equal to 
about 42; so that a 10 per cent, solution of tartaric acid 
is still far removed from this value. 

A similar state of matters holds good for the other acids 
and their salts. An optically active acid which is largely 
dissociated in the free state should show the same molecular 
rotation as its salts, when in somewhat dilute aqueous 

» Pogg. 106, p. 312 [1868]. 
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solution. Compounds of this character have not been 
examined as yet. Such compounds will probably be easily 
found among the acid sulphuric esters of the optically active 
alcohols, such as amyl hydrogen sulphate. 

There is another point concerning the solutions of 
tartaric acid which has hitherto been obscure, but which 
may now be explained. Concentrated solutions of 40 to 50 
per cent, show an anomalous rotatory dispersion; they rotate 
the rays of mean wave-length — belonging to the green portion 
of the spectrum — to the greatest extent, and the rays of 
greater wave-length as well as those of smaller wave-length 
to a less extent. Biot,* who made this observation, was able 
to reproduce a similar phenomenon by mixing dextro-rotatory 
and kevo-rotatory Uquids. It is not improbable that, the 
anomaly is caused by the different active substances present 
in a solution of tartaric acid, viz. the unchanged acid and 
the free ions, which possess very different rotatory powers. 
This explanation is in keeping with the fact that the anomaly 
disappears in solutions of tartrates in which the number of 
free ions is so great as to overpower the influence of the 
small quantity of undecomposed salt. 

14. Sorface-tensioiis of salt-solntioiis. — Of all the proper- 
ties of salt-solutions, the first to which an additive character 
was attributed was the surface-tension.^ This was done at 
first, it is true, erroneously ; for Valson ^ at a later time 
traced this back to the circumstance that the capillary 
ascents of equivalent solutions are inversely proportional 
to their specific gravities, so that the surface-tensions of 
these solutions must be equal. At a later time, Quincke ^ 
established the validity of a relation of this kind for a 
number of different chlorides, but this result was called in 
question by Volkmann. 

Eontgen and Schneider ^ examined the surface-tensions 

* Ann, Chim, Phys, (3) 66, p. 406 [1852]. 

2 Valson, Ann. CJdm. Phys. (4) 20, p* 361 [1870]. 

« Compt. rend, 74, p. 103 [1872]. * Pqgg, 160, pp. 337, 660 [1877]. 

* Wied, Ann. 29, p. 202 [1886]. 
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of several salt-solutions with the object of finding stoichio- 
metrical relations. The following table contains the results^ 
in terms of an arbitrary unit : — 





H 


Ll 


Na 


K 


NH^ 




•7 Normal Solutions. 






I 


... 


112-3 


112-6 


112-5 


112-3 


NO 


110-6 


112-8 


112-9 


112*6 


112-6 


Br .... 


110-9 


112-9 


1130 


112-8 


112-9 


01 ... . 


111-1 


118-2 


118-2 


118-2 


1131 


OH ... . 


111-5 


113-3 


113-4 


118*5 


108-7 


SO, ... . 


111-6 


114-2 


114-1 


114-1 


114-0 


00, .... 


— 


— 


116-6 


115-4 


— 




1*5 NoBMAL Solutions. 




 


I 




118-2 


118-8 


113-6 


118-1 t 


NO, ... . 


109-8 


114-2 


114*3 


118-9 


113-9 


Br .... 


110-4 


114-4 


114-7 


114-7 


114-3 


01 ... . 


110-9 


115-0 


115-1 


114*8 


114-5 


OH ... . 


111-5 


115-2 


115^9 


115-5 


106-8 


SO4 . . . . 


112-5 


117-6 




— 


116-9 


00, ... . 






117*5 


118-2 





These numbers approach each other nearly, but they are 
not quite identical. But the additive character of the 
property of surface-tension is very manifest ; the order is 
almost always the same, both in the horizontal and the 
vertical series, and only the very small values of the corre- 
sponding differences make these appear less constant* 
Aqueous ammonia is the only exception (NH4.OH) ; this 
compound seems not to come in the proper position in the 
series. But this compound is certainly much less disso- 
ciated than any of the others, so that its molecular condition 
is not comparable with that of the other solutions. This 
apparent exception is therefore a remarkable confirmation 
of the general relations which have been developed in the 
preceding paragraphs. 

The surface-tension of an aqueous salt-solution may, 
then, be regarded as, on the whole, an additive property. 

15. Other properties. — ^A comprehensive investigation of 
the viscosity of inorganic salts has been conducted recently 
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by J, Wagner.^ The results show that the viscosity of 
dilate salt-solutions is essentially an additive property ; this 
conclusion had been arrived at by Hannay,^ from results 
which were inadequate, and in some cases erroneous. The 
conclusion is only a first approximation ; this is shown by the 
following values for the viscosity-constants of various salts, 
determined with half-normal solutions, and referred to 
equivalent quantities of the salt. 



1 

! 


Sulphate 


Nitrate 


Chloride 


Aluminium . . 


1-378 


^__ 




Barium 








— 


1-042 


1-115 


j Beryllium 








1-351 


— 


— 


Lead 










1-077 




Calcium 










1-117 


1-155 


Cadmium 








1-337 


1-157 


1-136 


Potassium 








1090 


0-956 


0-967 


Cobalt . 








1-349 


1-149 


1-206 


Copper . 








l-34d 


1-166 


1-209 


Litiiium 








1-291 


— 


1-130 


Magnesium 








1-344 


1-170 


1-192 


Manganese 








1-351 


1-184 


1-206 


Sodium 








1-221 


1-052 


1-099 


Nickel . 








1-350 


1-175 


1-196 


Silver . 








— 


1-045 




[ Strontium 










1-100 


1-137 


Zinc 

1 








1-355 


1-170 


1-209 



The difference between sulphates and nitrates is fairly 
constant, amounting to from 180 to 150. Nitrates and 
chlorides approach one another ; the latter generally have 
values about 80 to 50 greater than the former. The 
differences between the salts of two metals generally agree, 
at least in their sign. The value of the difference is 
approximately constant for nitrates and chlorides, but it is 
much larger for the sulphates. This depends on the in- 
fluence which is exerted on the viscosity by the molecular 
condition of the salts, besides that exerted by their com- 
position. It can be shown that the condition of solutions 
of chlorides is much more comparable with that of nitrates 
than of sulphates. 

» Zeitschr, f, physikal, Chemie, 6, p. 31 [1890]. 
2 Proc. B. S. 28, p. 279 [1879]. 
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The differences which are observed when the viscosities 
of strong and weak acids are compared with those of their 
sodium salts are very similar to the differences which 
Gladstone observed when he compared the molecular 
refractions of such compounds. The following table makes 
this clear * : — 



Hydrochloric acid 

Hydrobromic „ 

Chloric „ 

Nitric „ 

Perchloric „ 

Phosphoric „ 

Arsenic „ 

Formic „ 

Acetic „ 

Propionic „ 

Butyric „ 

Isobutyric ,, 

Lactic n 



Free acid 


Nasalt 


DiflP. 


1070 


1-099 


29 


1-038 


1-062 


24 


1-063 


1089 


36 


1022 


1-062 


30 


1002 


1-036 


33 


1-285 


1-476 


191 


1-271 


1-494 


223 


1-036 


1-19T 


161 


1-127 


.1-400 


273 


1-210 


1-528 


3ia 


1-279 


1-670 


391 


1-281 


1-699 


418 


1-261 


1-493 


L 2^ 



It is evident that the acids which were examined fall 
into two well-characterised groups : the strong mineral acids, 
whose sodium salts have only sKghtly greater viscosities than 
the acids themselves ; and the weak mineral acids and 
organic acids, whose sodium salts have much greater 
viscosities than the acids. 

Finally, the thermal capacity of salt-solutions is also 
an additive property. Marignac ^ examined this property 
with special reference to the existence of a constant differ- 
ence for analogous salts, and he showed that this way ot 
representing the results applied to about one half of the 
salts which were examined. The following considerations 
show why the whole of the salts did not come within the 
scheme. 

"While all the properties hitherto discussed refer to the 
existing condition of the solutions examined, the specific 
heat refers to the change of this condition. If we imagine 



* B. Beyber, Zeitschr. /. physikal. Chemiet 2, p. 744 [1888]. 
« Ann. Chim. Phys, (6) 8, p. 410 [1876J. 
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a completely dissociated solution, the condition of which 
remains the same when the temperatm*e is changed, then 
the specific heat of this solution is dependent only on the 
nature and number of the ions, and it may be represented 
as the sum of the values for these ions. It is different 
when, as generally happens, only a part of the salt is dis- 
sociated. A change of temperature now causes a change 
in the amount of dissociation, and heat is used or produced. 
These thermal changes are altogether of a constitutive 
character, and are dependent on the special condition of 
the substance ; inasmuch as they form a part of the total 
value of the specific heat, the additive character of this is 
effaced. 

This way of looking at the matter shows, incidentally,, 
that the numerical values of the specific or molecular heats 
are specially suited for the examination of the processes 
which are indicated above. 

16. Conclnsion. — A general survey of the considerations 
brought together in this chapter shows that the properties of 
salt-solutions y taken as a whole, are of an additive character. 
Arrhenius was the first to show that the theoretical signi- 
ficance of this general law lies in recognising that this 
independence of the properties of the ions, which are the 
constituents of the salts, points to a corresponding independ- 
ence of the chemical relations of these ions. The appear- 
ance of these additive properties leads, therefore, to the 
same conclusion as was pointed to by the deviations from 
the coUigative character of the properties of solutions in 
general shown by salt-solutions, and shown especially in 
their osmotic pressures and the conditions of their freezing 
and evaporation, and serves as an additional support to 
this conclusion. 

On the other hand, the universality of the additive 
character of the properties of salt-solutions may serve as a 
guide in the study of other properties of salt-solutions which 
have not been examined hitherto. All the properties which 
have an additive or constitutive character when they belong 
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to indifferent ^substances may be expected to be additive in 
their nature when they belong to salt-solutions ; and all 
properties which are colligative in the cases of non-electro- 
lytic solutions will show regular deviations, corresponding 
with van't Hoff's factor i, in the cases of salt-solutions. The 
general characters of the laws which shall express proper- 
ties of salt-solutions that have not been examined as yet 
may be predicted by applying these statements. 
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SIMULTANEOUS ACTION OF SEYEBAL SOLVENTS 



1. Division of a substance between two immiscible sol- 
vents. — There is a well-known and much-used laboratory-ex- 
periment, wherein a substance is removed from solution by 
shaking the solution with another liquid which does not mix 
with the original solvent, but withdraws the dissolved sub- 
stance. Alkaloids are removed from aqueous solutions in 
this way by shaking with chloroform, and iodine or bromine 
by shaking with carbon disulphide. The fact that the 
operation must be repeated in order to remove the substance 
completely shows that the process is not one of absolute, 
but only of partial, separation : the laws of such cases have 
been worked out by Berthelot and Jungfleisch.* 

When a specified solution, e.g. succinic acid in water, is 
shaken for some time with a liquid which is not miscible 
with the solution, e.g. ether, the dissolved substance divides 
itself between the two solvents so that the contents of one 
solution bear a definite proportion to the contents of the 
other. Berthelot and Jungfleisch apply the term partition^ 
coefficient to the proportion between the quantities dissolved 
in equal volumes of the two liquids. 

The following table illustrates this statement : — 



Water 


Ether 


Quantity in solution in 


Partition- 
coefBcient 


Water 


Bther 


70 CO. 
49 „ 

28 „ 


80 CO. 
49 „ 
65-6 „ 


42-4 
43-8 
47-4 


71 
7-4 
7-9 


6-0 
6-0 
60 



Ann. Chitn. Phya, (4) 26, p. 896 [1872]. 
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The numbers which give the contents of the solutions 
represent c.c. of baryta water required to neutralise 100 c.c. 
of each solution. 

The partition-coefficient depends on the temperature 
and the dilution. In the case of succinic acid, water, and 
ether, it becomes smaller as temperature decreases and 
dilution increases; the latter part of this statement is 
iUustrated by the foUowing numbers, which give the grams 
of succinic acid per 100 c.c, = p (temp. = 16*^ : — 



Water 


Ether 


• 

Partition-ooeffioient 


p » •486 


•073 


6-6 


•420 


•067 


63 


•365 


•061 


6^0 


•236 


•041 


6-7 


•121 


•022 


54 


•070 


•013 


5-2 


•024 


•0046 


6^2 



The partition-coefficient may be represented approxim- 
ately as C = 5*1 + 8 p ; it approaches a limiting value 
•equal to 5*1 for maximum dilution. 

While benzoic acid shows a partition-coefficient which, 
like that of succinic acid, decreases with dilution, the 
relation is in the opposite direction in the cases of oxalic^ 
malic, tartaric, and acetic acid. I give only the interpola- 
tion-formulas : — 

Benzoic acid G» 63 +100j> 

Oxalic „ 0= 10-6- SSp 

Malic „ C- 49 - 5'6p 

Tartaric ,, 0^133 - 8p 

The partition-coefficient of ammonia increases rapidly. 
Similar relations were established for iodine and bromine 
in carbon disulphide and water. 

Berthelot sought in vain for a numerical connexion 
between the partition-coefficient and the relative solubility 
of the dissolved substance. He found that, generally, the 
solvent which dissolved the substance to the greater extent, 
also withdrew more of it from the solution; but the 
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numerical value of the two proportions did not agree. For 
instance, 10 c.c. carbon disulphide dissolved 1*85 gram 
iodine at 15®, and 10 c.c. water dissolved -014 gram iodine ; 
the ratio of the solubilities was therefore 1 : 182, while 
the partition-coefficient was 1 : 410. In the case of 
succinic acid, ether, and water, the two numbers were 
10-4 and 6-8. 

Berthelot himself raised the objection that the ratio 
of the solubilities was determined for ether &ee from 
water, and for water free from ether, while the partition- 
coefficient was referred to ether saturated with water, 
and to water saturated with ether. The experiment 
was therefore performed again, by shaking together ether, 
water, and excess of succinic acid, with the result that 
10 c.c. of the ethereal solution was found to contain '103 
gram, and 10 c.c. of the watery liquid '609 gram, of 
Buccinic acid. The ratio, 6*0, is smaller than 6*9, which 
is the value of the partition-coefficient calculated by the 
interpolation-formula ; Berthelot therefore regarded a con- 
nexion between the two quantities as out of the question. 
Nevertheless, it is easy to see that the ratio of solubilities V 
und the partition-coefficient must be identical for saturated 
solutions. For if it be supposed that the quantity of suc- 
•cinic acid added to a mixture of ether and water is exactly 
that which the mixture can dissolve, then, when the liquids 
have separated, each will be a saturated solution of succinic 
acid, and at the same time both solutions will be in equi- 
librium, for neither will be able to withdraw succinic acid 
from the other ; the proportion between the contents of the 
solutions will therefore be that of the solubilities and also 
that of the partition. 

Berthelot puts forward a further consideration designed 
to show the impossibility of deducing a priori the identity 
in question. The partition-coefficient of bromine between 
water and carbon disulphide has a finite value at each 
moment, while the solubility of bromine in carbon disul- 
phide, and also the solubility-ratio in reference to water, is 

u 2 
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unlimited. This anomaly disappears when the definition 
of the partition-coeflScient, which is referred, for the sake 
of convenience, to equal volumes of the solutions, is replaced 
by the more rational method of referring this ratio to equal 
quantities of the solvents. If the partition-coefficient is 
taken to be the proportion between the quantities of the 
substance dissolved in equal quantities of the two solvents, 
then, for the case that the dissolved substance is soluble 
without limit in one of the solvents, the partition-coefficient 
for a saturated solution, i.e. for a solution containing an 
infinite quantity of the substance, will also be without 
limit. 

Berthelot also noticed certain relations between the 
partition-coefficients and the chemical characters of the 
dissolved substances, but these relations rested on too few 
examples to make them of especial significance ; moreover^ 
they nearly agreed with those relations which hold good 
between chemical composition and solubility. 

Finally, a statement which has many important appli> 
cations was enunciated and established, viz. that in dilute 
solutions containing several substances, the partition-coeffi- 
dents are as they would be were ea^h substance present by 
itself. 

2. Deductions. — Some noteworthy conclusions are arrived 
at by applying van 't Hoffs conception of the analogy 
between solutions and gases to the simultaneous solubility 
of substances in two immiscible solvents. If, for example, 
we shake a solution of succinic acid in ether, with water, 
the water behaves towards the solution as towards a gas. 
As in the case of gas-absorption, so here, a certain quantity 
of the dissolved substance is taken out, and the equilibrium 
which results is conditioned by exactly the same law as 
conditions the absorption of gases ; the ratio of the concen- 
trations in both parts of the heterogeneous system must be 
the same. 

That this connexion is valid only within certain limits 
in the cases examined by Berthelot and Jungfleisch, depends 
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on the fact that the organic acids examined by them 
change their molecular state, in aqueous solutions, as 
dilution changes, so that the simple relation in question 
cannot hold good. 

Let us suppose that a third liquid, c, is added to each 
of the two Uquids a and b, that c is not miscible with either 
A or B, but that it can take up the dissolved substance. 
Then the hquid c must come into equilibrium with both of 
the solutions, and the three partition-coefficients, between 
A and B, A and c, and c and b, are no longer independent of 
one another. But when equiHbrium is estabUshed between 
o and A on the one side, and between c and b on the other 
side, the concentration in a and in b must be such that 
these two solutions also are in equiUbrium, as otherwise a 
perpetual motion would be possible. We may suppose the 
place of the third hquid to be taken by a space containing a 
gas. Hence it follows that the partition-coefficient of a gas :3k 
dissolved in two immiscible Uquids must be equal to the 
proportion of the absorption-coefficients of the gas in the 
two Uquids. 

A number of similar considerations may be developed in 
the direction indicated in the preceding sentences. But as 
no experimental investigations have been made in this 
domain as yet, I content myself with suggesting such in- 
vestigations by the demonstration made above. 

3. Solution-pressures. — The laws which hold good when 
one of the Uquids is somewhat soluble in the other, are similar 
to those which are operative when the liquid evaporates. 
Just as a liquid continues to evaporate into an empty space 
until a certain pressure is established, which pressure corre- 
sponds with a certain concentration, so the equilibrium of one 
Uquid in contact with another is attained at a certain concen- 
tration of the second liquid, which concentration is conditioned 
by a definite osmotic pressure. This osmotic pressure, which 
is altogether analogous to the vapour-pressure, has been 
called the solution-pressure by W. Nernst,^ who was the first 

» Zeitschr, f, physikal Chemie, 4, p. 160 [1889] ; 6, p. 16 [1890]. 
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to apply the analogy in question to draw more far-reaching^ 
conclusions. 

As the vapour-pressure of a volatile substance is de* 
creased by the solution therein of another substance, in. 
proportion to the number of molecules, so must the solu- 
bility of a liquid, a, in another liquid, b, be decreased by 
solution of another substance in a. If Z be the solubility of 
A, i.e. the quantity of a in the unit-volume of b, and V be 
the solubility when another substance is dissolved in a, then 

the equation 

Z-i' n 



V 



N 



must hold good, where n = the number of molecules of the 
dissolved substance, and n = the number of molecules of 
the solvent. This conclusion has been verified by Nemst in 
the following way (Zoc. cit.). 

In each experiment 5 c.c. of valeric acid were shaken 
with 10 c.c. of water ; so much of each was dissolved as to 
produce a solution which was '541 normal. Different sub- 
stances were then dissolved in the valeric acid, with the 
result that the solubility decreased to an extent which was 
directly proportional to the quantity, and inversely propor- 
tional to the molecular weight, of the substance added. The 
numbers obtained are given in the following table :— 





X 


v 


/-/' M 

/' X 


M 


Calculated 


Benzene 


•182 


9^90 


26-2 


78 


75 


»» 




•431 


9^39 


20-9 


78 


89 


Chloroform . 




•160 


10-17 


24-2 


119-5 


118 


Menthol 




•246 


10-11 


23-6 


166 


161 


Camphor 




•160 


10-18 


27-9 


152 


182 


»» 




•970 


9-81 


29-7 


152 


123 


Xylol . 




•376 


9-76 


20-9 


106 


122 


Stearic acid 




•166 


10^34 


23-4 


284 


291 



The numbers under x are the quantities of the substances 
added to 5 c.c. of valeric acid ; those under V are the solu- 
bilities, i.e. the number of c.c. of decinormal potash solution 
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required to neutralise 2 c.c. of the solutions ; the solubility 
of pure valeric acid in the same units was 10*48. The 

hypothesis requires that the value of — - — . -, where m 

I X 

is the molecular weight of the dissolved substance, should 
remain constant. The value of this quantity is calculated as 
follows. We have at the outset 

X 4*13 

now w = — , and N = — — -, where 4*18 is the weight of. 
M 102 ^ 

valeric acid remaining at the end of the experiment, and 

102 is the molecular weight of this acid. By substituting 

these values in the equation, we have 

Z - r X 102 Z - r M ,, . . 

-r- = M-?i3"'-r--^ = '^*^- 

The quantity — -~ . — must be constant and equal to 24*5 ; 

I X 

the corresponding column of experimental results shows that 

the values vary irregularly about the theoretical value. 

The column last but one contains the actual molecular 

weights of the dissolved substances, and the last column 

gives the molecular weights calculated by the formula m = 

V X 
24'5 = — Yi • Although considerable differences are ap- 

parent in individual cases, nevertheless the agreement is 
sufficient to establish the validity of the supposition upon 
which the method is based. As the calculated molecular 
weights are proportional to the difference I — Vj and this 
difference represents 1*1 c.c. in the most favourable cases, 
it is evident that a small error in the titration causes 
a percentage error at least ten times greater in the differ- 
ence on which the calculation is based. 

Nernst showed, in the same communication, that the 
same relation holds for ether and water,, and also for 
phenol and water. We have here then another coUigative 
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property, and, therefore, a new method for determining 
molecular weights. 

4. Further applications. — The estimation of the quantity 
of the liquid a which has been dissolved may be determined 
by any quantitative process. As we deal in all cases with 
differences of solubility, it is evident thsA differential methods 
are most suitable. 

A special instance of the differential method has been 
worked out by Nernst {loc. cit.), by using the freezing-point 
as a measure of the quantity of the substance in solution. 
If excess of ether is shaken with water, and the whole 
is cooled, the freezing of the ether saturated with water 
may be determined with great accuracy, as ether must 
separate along with the separating ice, because the solu- 
tion was saturated and therefore the concentration cannot 
change. If a substance which is insoluble in water is 
added to the ether, the solution-pressure will be decreased in 
reference to the water, and therefore the freezing-point 
will be raised. The equation again holds good 

"? ¥ 

where t is the freezing-point of water saturated with 
pure ether, and tf is the freezing-point of water saturated 
with the ethereal solution. 

The equation, however, is not quite accurate. It would 
be accurate if the solubility of ether in water were indepen- 
dent of the temperature. But this is not the case, and, 
therefore, the temperature- difference t — t' expresses not 
only the effect of the dissolved substance on the solubility of 
the ether in water, but also the effect of the changeable 
solubility of the ether. The necessary correction is obtained 
from the corresponding calculation of a cyclical process, 
and the corrected equation takes the form 



'/ M \ SXJ 



V 
where \ is the heat of fusion of water, I is the heat of 
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solution of ether, aaid s is the quantity of water which 
separates from the ether between the two temperatures. 
The individual numbers are given in Nernst*s memoir. 
The following table contains some results obtained by this 
method : — 





X 


t-e 


Corr. 


M 


Calculated 


Benzene 


2-04 


•078 


•080 


78 


78 


»» • 






6^88 


•208 


•219 


i» 


82 


»» • ' 






13-20 


•445 


•496 


»» 


82 


Naphthalene 






3-42 


•080 


•082 


128 


128 


» 






6-60 


•149 


•156 


»» 


130 


»» 






10-60 


•232 


•246 


t» 


131 


Iodine . 






4-76 


•060 


•061 


264 


239 


»» • •■ 






11-30 


•120 


•124 


>» 


280 



The numbers under t — ^ are the increases of the freezing- 
point produced by the addition of the quantities of the 
dissolved substances given under x^ calculated for 100 
grams of ether ; the corresponding differences corrected by 
the equation already stated are given under the heading 
*corr.' The actual molecular weights of the dissolved 
substances are given under * calculated.' The agreement is 
satisfactory. The temperature-difference can be estimated 
very accurately, notwithstanding its small value, because 
no marked change of concentration occurs during the 
separation of the ice and therefore no change of tempera- 
ture is produced. 

Nernst obtained equally good results by the use of 
ethylic acetate and water. 

Finally, Nernst remarks that the boiling-method of 
Beckmann (p. 180) may be applied when two Kquids are 
employed simultaneously. But this modification of Beck- 
mann's method can scarcely be of pra<}tical value. 

6. Separation of solutions. — Some liquids which mix in 
all proportions at a specified temperature separate into two 
heterogeneous portions when the temperature is changed. 
In such cases, two solutions of the liquids are formed; one 
of the liquids predominates in one solution, and the other 
in the other solution. These phenomena are a necessary 
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consequence of the considerations regarding the mutual 
solubilities of liquids which have already been dealt with 

(p. 40)- 

The result of this separation is the formation of two 
saturated solutions. As the condition of saturation does 
not depend on the relative parts of the mixture, since the 
equilibrium of saturation is obviously not destroyed by 
removing arbitrary portions of either layer after separation 
of the two layers, it must be concluded that the composi- 
tion of the original mixture has no influence on the com- 
position of the two layers after separation, provided that 
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enough of one substance is present, in proportion to the 
other, to ensure separation. 

On the other hand, the temperature whereat the separa- 
tion occurs is dependent on the proportion between the 
liquids in the mixture. This is shown in the behaviour of 
phenol towards water, which is represented in the curve 
a a a, of fig. 8, p. 42, which figure is reproduced here (fig- 
85). Inasmuch as a liquid which contains less than 7 per 
cent, or more than 76 per cent, of phenol, remains, even at 
0°, below the point of saturation of water with phenol, or 
that of phenol with water, such a liquid cannot be sepa- 
rated into two layers by cooling it to this temperature. 
But if the quantity of phenol is between 7 and 76 per cent., 
then, if solution has taken place at a higher temperature^ 
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separation must occur at a lower temperature. The tem- 
perature whereat separation occurs will be the lower the 
nearer the percentage of phenol approaches one of the 
limits 7 and 76. 

The more the mutual solubility of the Uquids changes, 
with changes of temperature the more will the composition 
of the separated layers also vary. This conclusion is 
not opposed to that which was arrived at already, to the 
effect that the composition of the layers must be invariable.. 
For that conclusion has reference to a condition of equili- 
brium at a specified temperature, whereas we are now 
considering equilibrium at different temperatures. For 
instance, if a solution which has separated into two layers 
at 80°, is brought to 20° without agitating the Uquid, the 
two layers have a different composition from those of a 
solution wherein separation begins only at 20° ; the two 
layers of the first solution are no longer in solution-equiU- 
brium at 20°. If the two layers of a liquid which separates, 
at 80° are violently shaken together at 20°, the equilibrium 
belonging to this temperature is produced, and the two 
layers must now have the same composition as those of the 
solution wherein separation began at 20°. 

This conclusion was confirmed, to some extent, by the. 
experiments of Duclaux.^ This investigator observed the. 
influence of temperature, but he does not appear to have 
considered the method of avoiding this influence referred 
to above. Duclaux worked with mixtures of benzene and 
acetic acid ; these were found to dissolve in all proportions 
at 15°, and the solution separated at lower temperatures 
into two layers which had the following compositions : — 



Aoetio acid 


Beuene 


Volume of the 


Acetic acid in the 


Upper layer 


Under layer 


Upper layer 


Under layer 


10 C.C. 
10 „ 
16 .. 


16 C.C. 
10 „ 
10 „ 


iO'l c.c. 
9-9 „ 
5 „ 


4*9 c.c. 
10-1 „ 
20 „ 


33-3 
33-6 
360 


62-8 
63-5 
62-6 



» Ann, Chim, Phys, (6) 7, p. 267 [1876]. 
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The relative volumes of the layers changed at 1*20, never- 
theless the composition of each layer remained almost 
michanged ; it would have remained quite unchanged had 
•equilibrium of the solution been estabUshed at a constant 
temperature. An investigation in this direction is de- 
sirable, although the result may be foreseen with cer- 
tainty. 

6. Ternary mixtures. — While there are but few pairs of 
liquids which exhibit the passage from partial to complete 
mutual solubility, described in the preceding paragraph, at 
<3onvenient temperatures, an unlimited number of ternary 
mixtures may be arranged to possess this property. The 
following is the general rule for finding such a grouping 
together of liquids : — 

Let there he two liquids which dissolve one another only 
partially, then a homogeneous solution may always be produced 
by adding a third liquid which mixes in all proportions with 
each of the original pair. 

The validity of this rule may be deduced from general 
considerations, as well as from experimental evidence, 
although no special investigation has been made to test the 
rule. It may also be said that the smaller the mutual 
solubility of the two Uquids the greater is the quantity of 
the common solvent which is required to produce a homo- 
geneous mixture. 

As we are dealing with three substances the conditions 
of equilibrium are naturally more complicated. If we start 
with two immiscible liquids, a and b, and bring them into 
solution by addition of a common solvent, l, a separation 
into two layers will occur, in one direction or the other, by 
changing the temperature. Both layers will contain the 
three liquids ; one will consist chiefly of a and l, with a 
smaller quantity of b, and the other will consist chiefly of 
B and I, with a smaUer quantity of a. 

The phenomena which occur in mixtures of this kind 
have been very little studied as yet. The only investi- 
gator who has examined this subject, so far as I know, is 
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E. Duclaux.^ The results of his mvestigations are as 
follows : — 

Whenr two liquids, e.g. amylic alcohol and water, are 
brought into solution by addition of a common solvent, e.g. 
ethylic alcohol, and separation into layers is caused by a 
change of temperature, the two portions consist of the 
immiscible liquids, a and b ; the common solvent is able to- 
divide itself between the two, and it is present, therefore, 
in nearly the same quantity in each layer. 

If 15 c.c. amylic alcohol at 20° are mixed wiih 40 c.c. ethyl 
alcohol at 50''and 12*9 c.c. water, a clear solution is obtained 
which separates into two layers of 28 and 40 c.c. respectively, 
when the temperature is lowered by '1°. A separation is alsa 
effected by adding a drop of water or a drop of amylic alcohol ; 
the solution is sensitive to an excess of either liquid. 

Duclaux analysed the two layers by finding the surface- 
tension of the Uquid, by a drop-measurer, after having 
added water sufficient to bring the liquid to 5° araometer 
strength. A preliminary experiment with synthetically 
prepared liquids had given the relation between the number 
of drops and the percentage of amylic alcohol. In this 
way he obtained the following table : — 



Amyl 
alcohol 


Ethyl 
aloohol 


Water 


Ratio of 


Amyl alcohol 


Ethyl aloohol 


layers 


Upper 


Under 


Upper 


Under 


100 
100 
100 
100 
100 
100 


100 
110 
133 
150 
166 
200 


125 
152 
220 
260 
292^ 
400 


5-8 

2-5 

0-67 

0-40 

0-18 

O'll 


33p.Gt. 

33-8 

30-6 

310 

33-0 

350 


14-8 p.ot. 

15-6 

15-2 

14-4 

14-8 

12-0 


30-6 p. ot. 

80-3 

29 

29 

29 

26 


33 p.ot. 

30-9 

29-2 

29 

29 

28 



The composition of the Uquids, after the third series, 
was made so that addition of a drop of water caused separa- 
tion into layers. The mixture evidently behaved nearly in 
the same way as a binary mixture ; the proportion between 
amylic alcohol and water (from the difference) remained 

» Ann. Chim. Phys. (5) 2, p. 264 [1876]. 
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nearly constant for all the mixtures, and almost the 
same quantity of ethylic alcohol was present in both layers. 
Similar results were obtained where the separation of the 
layers was effected by addition of a drop of amylic alcohol. 
The following series of results was obtained by using 
acetic acid as the common solvent : — 



Amyl 
alcohol 


Acetic 
acid 


Water 


Eatio 


Amyl alcohol 


Acetic acid 


Upper 


Under 


Upper 


Under 


100 
100 
100 


66 
100 
140 


95 
174 

288 


4-3 

0-61 

012 


40 

38-2 

41 


14 

16-8 

14 


25 

25-2 

26-0 


26-9 
26-8 
26*8 



The regulations noticed already hold good here also. 

The mixtures described above separate into layers when 
they are cooled. There are others which become cloudy, 
aoid separate, when they are warmed. This happens with 
liquids which contain ether ; for instance, with a mixture 
of five volumes of alcohol at 86** with 10 volumes of ether 
and 6 of water ; or with a mixture of 10 c.c. of ether with 
5 c.c. of acetic acid and 6*7 c.c. of water. In the last 
mixture, the acetic acid is found in nearly equal quantities 
in the two layers, thus : — 



Ether 


Acetic acid 


Water 


Batio 


Acetic acid 


Upper 


Under 


100 
100 
100 


36 
40 
44 


60 
60 
72 


1-9 

1 
0-66 


19 

19-6 

20*5 


19-6 
20-5 
20-4 



The ratio of ether and water was not determined. 

The relations are not always so simple. If a very small 
quantity of water is added to a solution of benzene and 
acetic acid, the solution becomes cloudy and separates into 
two layers, which are very similar in composition to those 
produced by lowering the temperature of the binary 
solution ; this is made clear by the following results : — 
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Benzene 


Acetic acid 


Water 


Ratio 


Acetic acid 


Upper 


Under 


100 CO. 
100 „ 
100 „ 
100 „ 
100 „ 


50 CC 

66 „ 

100 „ 

160 „ 

250 „ 


1*6 CC. 
1-8 „ 
2-0 „ 
2-7 „ 
3-3 „ 


42 
6 

1-25 
0-28 
0-05 


31-2 
35-9 
35-6 
30-8 
32-6 


68-6 
60-9 
631 
68*5 
71-9 



The numbers under * ratio * give the proportion of the 
Tolume of the upper to that of the under layer ; the num- 
bers in the two last columns, which give the quantities of 
acetic acid in the upper and under layers, show that these 
vary only slightly, but that the quantities in the two layers 
are not the same. We have evidently to do here with a 
limiting case in which the mutual solubiUties of the liquids 
A and B — in this instance, water and benzene — are very 
-small, and where, therefore, the power of the common 
solvent, acetic acid, to combine with each, is very different. 
For while the mutual solubility of acetic acid and benzene is 
unlimited only at temperatures above IS"", but is limited at 
lower temperatures, acetic acid and water mix with the 
greatest ease, and the mixing is attended with contraction 
and the production of much heat. In accordance with this, 
the portion of acetic acid in the water is greater than that 
in the benzene, and indeed it is very much greater in pro- 
portion to the quantity of water present. 

7. iBfluence of temperature. — Duclaux used the mixtures 
described above as maximum and minimum thermoscopes. 
These mixtures are very sensitive towards changes of 
temperature : a change of temperature of less than '1^ 
:generally suffices to cause cloudiness of the Uquid and 
separation into two layers. The separation, when once it 
has been effected, remains if the temperature is restored to 
that at which a homogeneous solution would be formed. If 
the liquid is coloured with a substance which is soluble in 
water, this colouring matter passes almost completely into 
the lower layer and so makes the separation visible. 
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The compositions of the layers produced when equili- 
brium was established depend on the temperature, but the 
dependence is not very marked. Duclaux ^ found the 
following numbers for the mixture of water, amylic alcohol, 
and ethylic alcohol : — 



Amjl 
alcohol 


Ethyl 
aloohol 


Water 


Temp. 


Batio of 
layers 


Axnyl aloohol 


Upper 


Under 


100 
100 
100 
100 
100 


133 
133 
133 
133 
133 


246 
219 
191 
164 
133 


30° 

20 

10 



-14 


0-44 
0-67 
1-2 
1-6 

1-8 


29-3 
30-6 
31-3 
31-6 
34*4 


16-1 
15-2 
14-2 
13-5 
10-3 



The quantities of water were arranged so that the separa- 
tions took place at the temperatures given in the table. The 
ratios of the amyl alcohol in the two layers do not differ 
much. 

8. Applications. — Duclaux did not consider the condi- 
tions which primarily determine the compositions of the 
layers. A survey of these conditions leads to the conclu- 
sion, which was arrived at by Konowaloff (p. 47), that two 
solutions in equilibrium must have the same vapour-pres- 
sure, and this must hold good for each constituent. The 
liquids must therefore separate in such a manner as to 
fulfil this condition. Now, all the vapour-pressures change 
in the same direction, with change of temperature, and in 
only slightly different proportions ; therefore, small differ- 
ences of composition will correspond with considerable 
differences of temperature, as was found by Duclaux to be 
the case. 

If the vapour-pressure of one portion is changed by 
the addition of some substance, the temperature whereat 
separation occurs will be considerably altered. K the 
substance added passes wholly into one of the layers, when 
separation is effected, certain general conclusions may be 

» Awn. Chim. Phys. (6) 2, p. 275 [1876], 
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arrived at concerning the effect of the added sabstaoce. 
For instance, if a salt is added to the mixture of amylic 
alcohol, ethyUc alcohol, and water, the salt will remain, 
practically, in the aqueous portion ; the vapour-pressure of 
the water in this portion will be decreased thereby, and 
equilibrium will be established only by the passage of a 
corresponding quantity of water from the other layer into 
the first layer. Corresponding with this change in the 
proportion of the water there is quite another temperature 
whereat the liquid can become homogeneous, and the con- 
siderations put forward above show that this change of 
temperature must be relatively great. 

This way of regarding the subject allows further con- 
clusions to be drawn. The experiments of Duclaux seem 
to indicate that the change of the temperature of separation 
may be taken, as a first approximation, to be proportional 
to the change of composition, and this again may be taken 
as proportional to the relative change of vapour-pressure; 
hence, the temperature at which layers are formed is subject 
to the same laws as the vapour-pressure, so far as regards 
the addition of a salt. 

We should, then, expect that the temperature-changes 
required to produce separation into layers would be propor- 
tional to the quantities of salt added, and would be equal 
for equimolecuiar solutions of similar salts. Some experi- 
ments, which I have caused to be carried out in this 
direction, have confirmed this expectation, so that, here 
again, we have a new method for determining molecular 
weights. This method has an advantage in that very 
small quantities of a salt cause very large changes in the 
temperature of separation ; but the circumstance, that only 
in a few cases does the whole of the salt which is added 
remain in the aqueous layer, militates against the general 
application of this method : for if the salt passes into the 
other layer, the supposition on which the method is based 
is not fulfilled, and the regularities which were mentioned 
do not occur. 

X 
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9. Further consideratioiui. — The method used above of 
dealing with the equilibrium of two layers in contact may 
be adapted to every other process whereby one of the 
constituents of the mixture can be withdrawn. If such 
layers contain water, they must form ice at the same 
temperature, and the osmotic pressure of all the consti- 
tuents present in both layers must have the same value. 
This circumstance affords important help in drawing 
conclusions, from experimental researches, regarding other 
properties of such mixtures. 

Considerations of this kind enable us to express the 
conditions of equilibrium, but they do not give any insight 
into the mechanism of the processes. We must look for 
this in the surface of separation of the two immiscible 
liquids, and in the surface-tension which is present there. 

An interior pressure of considerable magnitude prevails 
at the surface of every liquid, and, therefore, a certain 
amount of work must be done before a molecule can pass 
away from the liquid. If the liquid is surrounded by an 
empty space, this work attains its maximum value, and it 
is recognised in the form of heat of vaporisation. If, 
however, the first liquid, a, is surrounded by another liquid, 
B, then a molecule situated on the separating surface of a 
will experience an attraction into the second liquid, which 
attraction works in opposition to the interior pressure ; the 
same thing will hold good for the molecules of b which are 
situated on the surface of separation. A process will thus 
take place analogous to the formation of vapour. The 
molecules which have the largest kinetic energy will leave 
the liquid a, as these are in a position to perform the 
necessary amount of work, and will enter the liquid b ; and 
a similar process will take place with the liquid b in 
reference to a. If the amount of work which must be done 
to effect the interchange of molecules is very considerable, 
only a few molecules will be able to accomplish this 
work ; the two liquicjs will be only partially soluble in one 
another. 
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Very varied relations may persist when the temperature 
is raised. As the number of molecules passing from one 
liquid into the other is a function of the interior pressure 
of both A and b, and is also a function of the mutual action 
of both Uquids, it is possible for the function in question to 
be conditioned so that the mutual solubility of the Uquids 
decreases, although, the interior pressure of both liquids 
decreases with increasing temperature. Nevertheless, when 
the interior pressure becomes continuously less by the 
constant increase of the kinetic energy of the molecules 
accompanying the rise of temperature, the number of 
molecules passing from one liquid to the other— i.e. the 
solubility of one liquid in the other — must always finally 
increase. Hence, the two liquids must become more like 
one another, the amount of work required for the passage 
of molecules from one to the other must become less, and 
the surface-tension at the separating surface must decrease 
until it becomes equal to zero, where complete miscibility 
must result. 

These processes are evidently very similar to the passage 
of a liquid into the state of vapour ; the temperature of com- 
plete miscibility corresponds with the critical temperature. 

The work which accompanies the passage of molecules 
from one Uquid into the other changes its sign at tempera- 
tures above that of complete miscibility ; at such tempera- 
tures work may be gained by the transference : for the 
energy gained by the mutual action of the heterogeneous 
liquids will overpower that used in the separation of the 
molecules of the same kind. Hence results the tendency 
to diffusion — the tendency, that is, of both liquids to occupy 
the largest space possible. In the cases of gases, the last 
condition alone is determinative, because the interior 
pressure of gases is very small. Boltzmann^ has shown 
that work is gained by the mutual diffusion of two gases ; 
if the addition of heat from outside is prevented, the system 
wiU be cooled by this process. 

' SUzungsber. Wien. Ahad. 78, p. 783 [1878]. 
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Hence it follows that two thermal processes occur, of 
opposite signs, when two liquids are mixed. Heat is pro- 
duced by the positive work which accompanies the mutual 
action of the heterogeneous molecules, and heat is used in 
the separation and spreading out of the homogeneous mole- 
cules ; the sum of these may be positive or negative. The 
first part seems to be the greater in most cases, and hence 
two liquids usually become warmer when they are mixed. 
But cases are known where the opposite occurs, and, indeed, 
where the sign changes according to the proportion of the 
two parts (p. 38). The statements already made show that 
the explanation of this presents no diflSculty. 

If we have two Uquids at such a temperature that they 
dissolve only partially, then the addition of a third liquid, 
which is miscible with both the others in all proportions, 
acts like a rise of temperature. The work which is required 
for the transference of the molecules will now be less, for a 
part of the work will be done in the reactions of the liquids 
with the common solvent, and this action, as has been 
explained, may allow an excess of work to remain. The 
two liquids, a and b, will dissolve more freely in one 
another, and, if enough of the third liquid is added, they 
will dissolve in all proportions. 

Although there are no experimental data bearing on 
this point, yet it may be said with certainty that the 
surface-tension at the common surface of a and b must at 
the same time decrease gradually until it becomes equal to 
zero at the moment of complete miscibility. 

10. Concluding remarks. — A general survey of the rela- 
tions and laws of solutions which are presented in this book 
shows that these form one of the most important parts of 
physical chemistry. 

The laws of solutions resemble the simple and import- 
ant laws of gases, which were discovered about a century 
ago, and which have exerted a very great influence on the 
formation of chemical conceptions, in so far that many of 
the laws of solutions are coUigative in their character — like 



SIMULTANEOUS ACTION OF SOLVENTS 309 

the law of Gay-Lussac concerning the volumes in which 
gases combine chemically — and they therefore lead to the 
same conclusions regarding the molecular constitution of 
matter as have followed from Gay-Lussac's law interpreted 
by the theory of Avogadro. 

The extent of the domain included under solutions is, 
however, much larger than that dealt with under gases, 
and the relations observed in the former department are 
more complicated than those in the latter. Hence it hap- 
pened that almost a century passed between the discoveries 
of the regularities which hold good in the two spheres, 
although thesaregularities are altogether similar. 

The greater complexity of the subject of solutions makes 
advances in this department more difficult, but at the same 
time it gives greater importance to the results, for all 
those questions which could be answered formerly only from 
a knowledge of the substance concerned when in the 
gaseous state may now be answered from a study of the 
properties of a solution of the substance. While there are 
innumerable substances which are not known in the state of 
gases, there are but few which cannot be brought into solu- 
tion. The silicates are almost the only widely distributed 
and very important substances which occur in nature that 
cannot be subjected to this method of investigation. 

A knowledge of the laws of solutions is also most import- 
ant inasmuch as almost all the chemical processes which 
occur in nature, whether in animal or vegetable orga nisms , 
or in the no n-hving s urface oflheeartTi, and'also those pro- 
cesses which are carried out in the laboratory, take place 
between substances in solution. For instance, a sound judg- 
ment regarding physiological processes, or an explanation of 
the notable phenomena of resorption and secretion, is im- 
possible without this knowledge ; and the same stateigaent 
holds for the greater number of the scientifically and tech- 
nically important reactions. Looked at in this way, solutions 
are more important than gases ; for the latter seldom react 
together at ordinary temperatures, whereas solutions 
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present the best conditions for the occurrence of chemical 
processes. 

The discovery of the laws of solutions is full of signi- 
ficance for the advance of physical chemistry, for these 
laws are important helps in the investigation of the next 
problem, which is the laws of pure liquids. The coUigative 
laws which hold good for gases and dilute solutions always 
maintain their character, because the molecules of gases 
and of dilute solutions are so far removed from one 
another, that neither the mutual actions nor the special 
natures, but only the numbers, of the molecules, come into 
play. But the individual characters of the molecules become 
of more importance when gases are compressed, or solutions 
are concentrated, and these, which appear at first as small 
deviations from the colligative laws, dominate more and 
more, until at last, in pure Uquids, resulting from the 
continued compression of gases (below their critical tempe- 
ratures), or from the disappearance of the solvent, they 
completely overpower the colligative laws. 

The hope may be expressed that the possibility of re- 
presenting and studying all these intermediate states, which 
can be accomplished easily and fully in the examination 
of solutions, will be of considerable help in making easier 
the study of the laws of pure hquids. 
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